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METHODS AND APPiiltirUSES FOR ANALYZING 
■ '••■■'•-''POLYNUCLEO'nDE SEQUENCES-'' 

; ;■. ;5r:.or.-:\Mi ow vn ■.;viii.?.:).'n.\ ■ ■ 

CROSS-REFERENCESi^TO RELATED APPLICATIONS 

This nonprovisional patent application claims the benefit of the previously 
filed patent applicatiohis: U;Sl provisional patent, application no. 60/163,742, filed November 
A4-1999;-Md U.S. patmt^^ filed June 27, 2000, which in turn claims 

the benefitofUvS. provisional patent application no. 60/141,503 filed June 28, 1999, U.S. 
provisional patent ^plication no. 60/147,199 filei August 3, 1999, and U:^' provisional 

pat^tappi^^ ' 
i patrat apphcatipps is^^ ' ' * ' 

AH . in'jit:'.^ "i /kT ir-l ..t-" .i'.i 

STATEMENT AS TO. WQHT $';Tp:JN^ \ 
FEDERALLY Sppi^SliSlED RESEARCH AND DEVELOPAIENT 

, Vi' :vvV w > r^'-.':,'^: 

Work described herein^has been supportedi in part* by-NIH vgrants H 
:02. / The U. S. Government. may therefore have ceiltain rights. ;in thPrinyenti j f / >; ; ; > / / 

TECHNICAL FIELD 
The present invention relates to methods for high speed, high throughput 
analysis of polynucleotide sequences and apparatuses for carrying out such methods. 



BACKGROUND OF TBOE INVENTION 

Traditional DNA sequencing techniques share three essential steps in their 
approaches to sequence determination. First, a multiplicity of DNA fi-agments are generated 
from a DNA species which it is intended to sequence. These firagments are incomplete copies 
of the DNA species to be sequenced. The aim is to produce a ladder of DNA fiagments, each 
a single base longer than the previous one. For example, with the Sanger method (Sanger et 
al., Proc. Natl. Acad. Sci. USA 74:5463, 1977), the target DNA is used as a template for a 
DNA polymerase to produce a nvmiber of incomplete clones. These fragments, which differ 
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in respective length by a single base, are then separated on an apparatus which is capable of 
resolving single-base differences in size. The third and final step is the detennination of the 
nature of the base at the end of each firagment When ordered by the size of the firagments 

' " i .. . * •.' , f-.*I 

. ' • r ■ f I * ." .' ■ • ■ ; ■ ■ 

which they tenninate, these bases represent the sequence of the original DNA species. 
5 Automated systems for D^IA sequence analysis have, been developed, such as 

discussed in Toneguzzo et al., 6 Biotechniques 460, 1988; Kanbara et al., 6 Biotechnology 
816, 1988; and Smith et al., 13 Nuc. Acid. Res. 13: 2399, 1985; U.S. Pat. Np. 4,707,237 
(1987). However, all these methods still r(equire Reparation of DNA products by a gel 
pemieation procedure and th^ detection of their; Ipcatipxiis relative to onp another along the 

10 axis of permeation or movement througl^ Uie gel. These apparatuses; used in ttiese methpds 
are not truly automatic sequ^cers. . They are merely automatic gel rjsaders, lA^hich require the 
standard sequencing reactions to be earned out befpre samples^^^ 

The disadvantages of the above methods are numerous. The most serious 
problems are caused by the^ i^uirement for the DNA fragmcsnts to be size-separated on a . 

15 polyacrylamide gel. . This process is time-consuming, uses large quantities pf expensive 
chemicals, and severely limits the numbo: of bases which can be sequenced in any single 

*. * « p # 

experimmt, due to the limited resplutipn of the gel. , S anger didepxy sequencing ha;5 a read 
lengtl^ of approxim?itely 500 bp, a throughput that is^ limitpd by gel electrppliQresis : , 
(^jpi^^iatpIyO^),^^^^^^^ ..... 

20 , . , Qther methods for anal3^g polynucleotide sequences have been developed 

more recently, ^lii some of these methpds broadly termed sequencing by s>iithesis, template 
sequences are determined by priming the template followed by a series, of single base primer 
extension reactions (e.g., as described in WO 93/2 1340, WO 96/27025, and WO 98/441 52). 
While the basic scheme in these methods no longer require separation of polynucleotides on 

25 the gel, they encounter various other problems such as consumption oflarge anaounts of 
expensive reagents, difGcul^ in removing reagents after each st^, misjincoipprati^^ due to 
long exchange times, the need to re^ from the inppipprated nucleotide, and 

difficulty to detect further incorporation if the label is not removed- Many of tliese 
difficulties stem directly from limitations of the macroscopic fluidics employed. Hpweyer, 

30 small-volume fluidics have not been ayailable. As a result, these methods have not replaced 
the traditional gel-based sequencing schemes in practice. The skilled artisans are to a large 

extent stiU relying on the gel-based sequencing methods. 

■ ■ . . ^ . .' . 

Thus, there is a need in the art for methods and apparatuses for high speed and 

high throughput analysis of longer polynucleotide sequences which can be automated 

5L 
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Utilizing the available scanning and detection tetchnqlogy. The present invention iulfills this 
and other needs, r 



f • • 



SUMMARY OF THE INVENTION 

In one aspect of the present invmtion, methods for analyzing the sequence of a 
target pblyiiuclebtide are provided. The methods include the steps of (a) providing a priined 
target polynticlebtide linked to a ihicroiabricated synthesis channel; (b) iOlowing a first 
nucleotide through the synthesis channel under conditions whereby the first nucleotide 
10 attaches to the pniheir, if a compleitiehtaiy hucl&tide is presenfto serve as template in the 

J ' ' r ..... 

target pblynuciebtide; (c) deterniiniil^^ preseiice 6r absence of k wgial, the preside of a 
sighiEd indicisiting hikt'^^^^^^ nucleotide wak iticotpbrated intb the pnmer^'anci hence the 
identity oihhe a)tnplismeto 

removinii or rcdubing the sig3^^ if preseiitrmd (e) rep) (b)-(d) with a fiirther 

1 5 nucleoidde that is^ the ibnie or difietentfrom ihd first itiuciebfidi^ whbrd)y ti^ fiirtber' " 
nucleotide attaches to the pnniier or a hiidebtidiB p^^ ihcbrpbrated into the primer. 

' liisbmem^tiib^^^^ 
target pol joiiiclebtides li^ 

first nucleotide thirough each of the synthesis chianneis; aiid step (byc^mpriis^'det^]^^ 

;• .'.1 ■■ i i , , . 

20 presence or absence of a signal in each of the channels, the presence of a signal in a synthesis 
channel indicating the funs^tnuclebtide Was incbi]!)brated into ihb priiilbr ih th^lsyiithesis 
channel, arid hence uie ideritity of the cbmplembritaiy ba^^^ Reived as a tatiiilate ' 
target pbljoiucleotide in the sjolthesis channel, m sbirie methods^ a pluralify bf diffeirci^^^ 
primed target polynucleotides are linked tb each synthesis chsom ^ ' 

25 Some inethbds include the further steps of flushing the synthesis chaiiihel to 

remove uninborporated nucleotides. In some methods, steps (b>(d) are performed at least 
four times with foin- dijBFerent 

performed until the identity of each base ih the target polynucieotide has beeil identified. 

In sdine methods, the nucleotides are labeled. The label can be a flub^ 
30 dye, and the signal can be detected optically^ The labbr can alsb bb a i^diolabel, and the 
signal can be detected with a radioactivity detector. In sdhie methods, incoiporatibn of 
nucleotides is detectedi by measiiring pyrdphoqahate release^^ 

In some methods, the synthesis channel is formed by bonding a microfluidic 
chip to a flat substrate. In some of these niethods, the target polynucleotides are immobilized 

..•3;. 
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to the interior surface of the substrate in the synthesis channel. In some of these methods, the 
interior surface is coated with a polyelectrolyte multilayer (PEM). In some of &ese methods, 
the microfluidic chip is fabricated with an elastoiiieric materia such as RTV silicone. 

In another aspect of the preset invention^ methods for analyzing a target 

5 polynuclebtide entails (a) pretreating the suif ace of a substrate to create ^ surface chemistry 
that facilitates polynucleotide attachment and sequence analysis; (b) providing a primed 
target polynucleotide attached to the surface; (c) providing a labeled first nucleotides to the 
attached target polyiiticleotide under conditions whereby the labeled first nucleotide attaches 
to the primer, if a complementary nucleotide is present to serve as template ih the target 

1 0 polynucleotide; (d) determining presence or absence of a signal from the primer, the presence 
of a signal indicating that the labeled first nucleotide was incorporated into the primer, and . 
hence the identity of the coiriplenientajy base that served as a template 
polyducleotide; and (e) repeating steps (c)-(d) with a labeled fiurther nucleotide that is the 
sanie or different from the first labeled nucleotide, whereby thd labeled further nucleotide 

15 attaches to the primer or a nucleotide previously incorporated^ i^^ . < 

^ In sorhe of these methods^ the substrate is glass and the surface is coated with 
a polyelectrolytie^ multilayer (PEM)^ ' In sobe method^ the PEM is teamiiiated wi& a 
polyanioh^^'in some riietfaods; the polyanibn is terminated with carboT^lic^aGid groups, i In ^ . 
some methods, the target polynuclebtide is biotinylated^ and the PEM-coated surface is u 

20 further coated with biotin and then streptavidiiL 

J. i' ' ■■" ^1- : i i : 'i- ^ <• ^ - i ^ * i -I ■ ■■ ; • . . 

In still another aspect of me present invention, methods of analyzing a target 
polynucleotide are provided which include the steps of (a) providing a primed target 
polynucleotide; (b) providing a first type of nucleotide of wMch a fraction is labeled under 
conditions whereby the first nucleotide attaches to the primer, if a complementary nucleotide 

25 is present to serve as template in the target polynucleotide; (c) determining presence or 
absence of a signal from the primer, the presence of a signal indicating the first nucleotide 
was incorporated into the primer, and hence the identity of the cbrnplmiratary base that 
served as a template in the target polynucleotide; and (d) repeating steps (b)-(c) with a 
further type of nucleotide of which a fi^ction is labieled the saihe and which is the same or 

30 differ^t from the first type of nucleotide, whereby the fbrther nucleotide attaches to &e 

primer or a nucleotide previously incoiporated into the primer. 

■ ' . . ' • . • • • ■ ■ ■ . 
In some of these methods, the label used is a fluorescent label. In some of 

these methods, the removing or reducing step is performed by photobleaching. In some of 
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these methods, the .fraction of labeled nucleotides^are less than 10.%, less than 1%, less than 
0.1%, or less than Q.01%; : 

. In another aspect of the present invention, apparatuses for analyzing 
sequence of a polynucleotide are provided. The apparatuses have (a) a flow, .cell with at least 
one microfabricated synthesis channel; and (b) an inlet port and an outlet port >yhich are in 
fluid communication with the flow cell and which flowing fluids such as rdepxy^ 
triphosphates and nucleotide polymer^e into and, through the flow cell. Some of the 
apparatuses additionally have, (c) a light source to direct light at a surface of the synthesis . 
channel; and (d) a detector to detect a signal from the suifa^^^ 

In some of the apparatuses^ the synthesis cham 
microfluidic chip .to. a flat substrate., fin some :appar3,tuses/:the rnicrpfluijdic chip also co^itain 
microfabricated valves and microfabricated pumps in an integrated system with the synthesis 
channel; ;In some bf these apparatuses^ a plurality of reservoirs for storing reaction ref gents 
are also present, and the microfabricated valve and pump are connected to the reservoirs. In 
some apparatuses, the detector is a photon counting camera. In some of the apparatuses, the 
miorofluidic chip is fabricated with an elastomeric material such as RTV silicone. The 
substrate of some of the apparatuses ;is a^glass cover sUp. The cross section of the synthesis 
channel in some of the apparatuses has a linear dimension of lessithan l OOpm x. 1 00pm, less 
than lOpmx lOOpm, less than 1pm xlOfun, or less than 0.1pm xlpm.. 

BWEF DESCMPTION OF TIDE DRAWI^^^ 

Fig. 1 is an illustration of a first elastomeric layer formed on top of a 
micromachined mold. 

Fig. 2 is an illustration of a second elastomeric layer formed on top of a 
micromachined inold. 

Fig. 3 is an illustration of the elastomeric layer of Fig. 2 removed from the 
micromachined mold and positioned over the top of the elastomeric layer of Fig. 1 

Fig. 4. is an illustration corresponding to Fig. 3, but showing the second 
elastomeric layer positioned on top of the first elastomeric layer. 

Fig. 5 is an illustration corresponding to Fig. 4, but showing the first and 
second elastomeric layers bonded together. 

Fig. 6 is an illustration conesponding to Fig. 5, but showing the first 
micromachine mdld removed and a planar substrate positioned in its place. 
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, . Fig, 7A is :an illustration coirespondin^ to Fig. 6.:but showing the elastomeric 

• structure sealed onto the planar substrate. 

i • ■ . . . 

. . |. ?i8s. 7B is a front sectional . 

flow^channel,. ^. .. . ■ . „, „.. . , ., _ , 

V * 

Fig. 7C corresponds to Fig. 7A. but shows a first floWvchannel closed by 

pressiiiization. in second flow channeL 

Fig. 8 is an illustration of a first elastomeric layer deposited on a planar . 

substrate. 

Fig. 9 is an illustration showing a first sacrificial layer deposited x>n top of the 
fi^st elastomericlayeriof Fitt. 8 , 

:;Figvlp:«;aii illustration shp>^^ 

first sacrificial layer removed, leaving only a first line of sacrificial layer. U : " ; 

: .i. fi?- 11 ?''^^?^H^*^^^9n..shpwing:ats^^ . 

the first elastonaeric layei: over the first line of sacrificial layerV Fig. 10, thereby, encaiang : . , 
the sacrificial layer between the 

Fig. 12 corresponds to Fig. 1 1, but shows the inte^ monolitiiic. stiuctiire , , 
produced,aftertbe.&stand,??cpn^^ 

Fig. 13 is an illustration showing a second sacrifidal L^er^^ositi on tppipf • 
the integri^^ela^tpmqric 

Fig. 14 is an illustration showing the system of Figrl3, tinarmath a portipni pf, \, 
tiie second sacrificial layer leinoved, lea.ving only a second line of saaifici^aver 

Fig. 15 is an illustration showing a third elastomer layear apglie^h tpp of thi? 
second elastomeric layer and oyer the second line of sacrificial layer of Fig. 14i:^^by 
encapsulating the second line of sacrificial layer between the elastomeric structure o^ig, 12 
and the third elastomeric layer. \. 

Fig. 16 corresponds to Fig. 15, but shows the third elastomeric layer cured so 
as to be bonded to the monolithic structure coniposed of the previously bonded first and 
second elastomer layers. 

; 1 .* •■ :. : -<•..... ■ . ■ : . , 

Fig. 17 corresponds tp.Fig. 16, biit shows the first and sec» lines of 
sacrificial layer removed so as to provide two perpendiciilar overlapping, but not intersecting, 
flow channels passing through the integrated elastomeric structure. 

Fig. 1 8 is an illustration showing the system of Fig. 1 7, but with the planar 
substrate thereunder removed. 

6 
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Fig. 19 illustrates valve opening vs; applied pressure for Various flow 
channels. '•• 

: : Fig. 20 illustrates time response of a 1 OO^iriix 1 OOfiunx 1 Ojim RTV microvalve. 
Fig. 21 is a schematic illustration of a multiplexed system adapted to permit 
5 flow through various: channels. ^ : i / , -qv i / 

Fig. 22A is a plan view of a flow layer of an addressable reaction chamber 

structure. v. >-p:- vrvv-:-\:i..:^ -v^ ■•' . ::Ui-:-i].-J:['' 'yr-: 

Fig. 22B is a bottom plan view of a control channel layer of an addressable 
reactionchainbiCTStnicture: ' --^ - cw. -.i - ./-i 

1 0 Fig. 22C is an exploded perspective view of the addressiable teaction bhambef 

structure; formed by bonding the control channel lay er of Fig.- 22B to thfe top^iof the flow layer 

OfFig.22A. -r Tk,/:^ 'i ;.;ri i: -fr=^:^-: m:-) L : -^)rri--OV;-.M:>--- - . 

L Fig; 22P is a sectional elevation view coCT^ 
line 28D-28D in Fig. 22G. 
15 Fig. 23 is a schematic of a -system adapted to selectively direct fltiid flow into 

any of an array of reaction- wellsl'^ '"-^ .-/-iw^i^rvnoo i 

Fig.i24:is a'schimaticof asyste^^ 
pairallel^flow^anijels.-*r>' ''--i^v:- h-r-- ^civ iii .^i- 

Fig. 25 is a schematic of an integrateid systi^ foi: analyzing pbi^rnucleotide 



20 . sequemte."-" ' ••* ' ' ' •• 

' f . ■ ■ - - ■ ; : 1 



FigJ 26 is a scheniatic &f a further integrated systeni fcif tihalyzing 



poftwuclebtide^^febces.-'^ f:./^,..:..;; ■ in,. , , !r^rH,,: '.<:h a:: 



Fig. 27 is a schematic diagram of a sequencing apparatus: 



r.: J. 



25 DETAILED DESCRIPTION 

1. Overview 

Thci present invention provides methods and a 
polynucleotide sequences. 

In some methods^ (he sequencing apparatuses coihprise a microfabricated flow 
30 channel to which polynucleotide templates are attached. Optionally, the apparatuses 

comprise a plurality of microfabricated channels, and diverse polynucleotide templates can be 
attached to each channel. The apparatuses can also have a plurality of reservoirs for storing 
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varioiis reaction reagents, and pumps and valves for controlling flow of the reagents. The 
flow cell can also have a window to allow optical interrogation. 

In these methods, single stranded polynucleotide tenlplates with primers are 
innmobilized to the surface of the ihicrbfabricated channel or to the surface of reaction . 
5 chambers that are disposed along a miCrofabricated flow channel, e.gV^ with str^tavidin- 
biotin links. After inmiobilization of the tdnplates, a polymerase and one of the^^ 
nucleotide triphosphates are flowed into the flow cell, incubated with the template, and 
flowed out. If no signal is detected, the process is repeated with a different type of • 
nucleotide. 

10 These methods are advantageous over the other sequencing by synthesis 

methods discussed previously. iFirst, use of microfabricated sequencing apparatuses reduces 
reagent ddiisumption. It also ixicreases reagent exchange rate and the speed of sequence - 
analysis. In addition, the microfabricated apparati^ 

synthesis' channels can be built on the same substrate. This allows analysis of a plurality of 
15 diverse polynucleotide sequences simultahebusly. Further, due to' the reductibn of time arid 
dead volumb for exchangirigitag^ntsbetweeh different stq>s dim 

incoiporatibh is greatly reduced. Mbredv^, the read leiigth is also imprbved because therels:! 
less time for the 'polymerase to' ihcdrpbratie a wrong hu'cleotide'and it is less likely that the i : : 
polymerase falls off the template. All these advantages result in high speed and high ii- 

20 throughput sequence analysis regimes. i ; : . . :;? v i ■ 

In some methods of the present invention, the surface of a substrate (e.g., a 
glass cover slip) is pretreated to create optimal surface chemistry that facilitates ^ 
polynucleotide template attachment and subsequent sequence analysis. In some of these 
methods, the substrate surface is coated with a polyelectrolyte multilayer (PEM). Following 

25 the PEM coating, biotin can be applied to the PEM, and followed by application of 

streptavidin. The substrate sui^ace can then be used to attabh biotiriylated-templates. The 
PEM-coated substrate provides substantial advantages for immobilizing the template : 
polynucleotides and for polymerase extension reaction. First, because PEM can easily be 
terminated with polymers bearing carboxylic acids, it is easy to attach polynucleotides. 

30 Second, the attached template is active for extension by polymerases — most probably, the 
repulsion of like charges prevents the template from ""laying down" on the surface. Finally, 
the negative charge rq)els nucleotides, arid nonspecific binding is low. 

In some other methods of the present invention, only a small percentage of 
each type of nucleotides present in the extension reaction is labeled, e.g., with fluorescent 
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dye. As a resiilt, relatively smaU numbers of inco^^ 

labeled, interference of energy transfer is minimized, and th(? polymerase is less likely to fall 
off the template ox be "choked" by incorporation of two labeled nucleotides .sequentially. 
Optionally, the: incorporated fluorescent signals are e^ftinguished.by photobleaching. 
5 Employment.of photobleaching strategy can reduce the number of steps (e.g., it may not be 
necessary to perfonn the removal of label after every extension fi^cle),; /^ advantages 
lead to more accurate detection of incorporated signals, more efficient consumptipn of 
polymerase, and a fast sequencing method. 

10 n. Definitions ; . 

: ; • ■'. Unless defined otherwise^ all technical and scientific terms used herein have 
the same ineaning as commonly understood by those of ordinary skilLin the art to which this 
invention pertains.:innbefoUQwing references provide one of skill with a Reneral definition of 
many of the terms used in this invention: i Singlftpn e/ c/.. Dictionary of Microbiology, 

1 5 And Molecular Biology (2d ed. 1 994); The Caj^ridgb Pictionary of Science a>^d. 
TEcm^OLOGY (Walker eiiLl 988);= and Hale & Marham, THE Harper Collins Dictionary 
OF Biology .(:1991)-L Although my.metl^^^^ mat;^als.siimla^^ 

described herein can be::Used in:the practice or testing of the.presrat iiiventipii, the: prefen:e^ 
methods and materials are described. , The foUowiiig definitions are, provided to assist, the 

20 reader in the practice of the invention. . , , 

The terms !*nucleic acid" or "nucleic acid molecule" refer to.a . 
deoxyribonucleotide or ribonucleotide pplymer in either single- or dqubleTStranded foini, and 
unless otherwise limited, can encompass kriown analogs of natural nucleotides that can 
function in a similar manner as natiirally occuiiing iiucleotides. 

25 "Nucleoside" includes natural nucleosides, including ribonucleosides and 2'- 

deoxyribonucleosides, as well as nucleoside analogs having modified bases or sugar : . 
backbones. - . ■ '.•-i, : 

V A "base" or "base-type" refers to a particular type of nucleosidic base, such as 
adenine, cytosine, guanine, thymine, uracil, 5-methylcytosine, S-broinouracil, 2-aminopurine, 

30 deoxyinosine, -methoxydeoxycytosine, and the like. : , 

"Oligonucleotide" or "polynucleotide" refers to a molecule comprised of a 
plurality of deoxyribonucleotides or nucleoside subunits. The linkage between the nucleoside 
subunits can be provided by phosphates, phosphonates, phosphoramidates, 
phosphorothioates, or the like, or by nonphosphate groups as are known in the art, such as 

1 
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peptoid-type linkages utilized in peptide nucleic acids (PNAs). The linking groups can b«s 

chiral or achiral. The oligonucleotides or. :po]>Tiucleotides can range in length fiom 2 
nucleoside subunits to hundreds or thousands of nucleoside subunits. While oligonucleptides 
are preferably. 5 to 1 00 subunits in length, and more preferably, 5 to 60 subunits in length, the 
5 length ofpolynucleotides can be much greater (eig.,;up.to ICW kb). o; ..; 

Specific hybridization refers to the binding, duplexing, or hybridizing of a 
molecule only to a particular, nucleotide sequence under stringent conditions. . Stringoit 
conditions are conditions under which a probe can hybridize to its target subsequence, but to 
no othM- sequences. Stringent conditions are sequencerdependent and are different in 
10 different circumstances. Longer sequences hybridize specifically at higher temperatures. 
Generally, stringent conditions are selected to be about 5° C lower than the themi^ melting 
point (TiiO for the specific sequence at a defined ionic strength and pH.: The T„ 

temperature (under defined ionic, strength, pH, and nucleic acid concentration) a^ 
of the probes complementary to the target sequence hybridize to the target sequence at 
15 equihbrium. Typically, stringent conditions include a salt concmtration of at least abo^^^ 
to 1.0 M Na. ion concentration (or ofter salts) at pH T.O to Sa and fte, temperature is at least 
about 30°C for.short probes (fe^., 10 to 50;nucleQtides)iStringent;CQnditions^^^C^ 
achieved with the addition of destabilizing agents such as fonnamide iOr tetraalkyl ammonium , 
salts. For example, conditions of 5X SSPE (750 mM NaCl, 50 mM NaPhosph^ . ., 

20 EDTA,pH 7.4) and a temperature of25-30°eare,suitable.for aUeIe-specific probe.- 
hybridizatioiis. (&e SambrQok,efa/.,Jl/o/ecMfar C/o/i/ii^ , 

By "analysis of polynucleotide sequence of a, template'! is meant detomining a 
sequence of at least 3 contiguous base subunits in a sample fi-agment, or alternatively, where 
sequence information is available for a single base-type, the relative positions of at least 3 
25 subunits of identical base-types occurring in sequential order in the fragment. An example of 
the latter meaning is a detemiined sequence "AJQCAXA" (5'>3'), where a series of 3 adenine 
(A) bases are found to be separated by two and them one other base-type in the sample 
fiiagmoat. . . 

The tenm "primer" refers to an oligonucleotide, whether occurring naturally as 
30 in a purified restriction digest or produced synthetically, Avhich is capable of acting as a point 

of initiation of synthesis when placed under conditions in which synthesis of a primer 
extension product which is complementary to a nucleic acid stiand is induced, (i.e., in the 
presence of nucleotides and an inducing agent such as DNA polymerase and at a suitable 

temperature and pH). The primer is preferably single stranded for maximum efficiency in 

/O 
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amplification, but can alternatively be double stranded; If double stranded, the primer is first 
treated to separate its strands befdre being used to prepare extension products. Preferably, the 
primer is an oligodeoxyribbnucleotide. The primer must be sufBciehtly long to prime thd ' 
synthesis of extension products iii the preisence of the inducing agent The exact lengths of the 
5 primers depend on many factors, including temperature; source of primer ^d the use of th^ • 

method.- ;.= ri v;:.. = -j^ <' . i . . • 

A primer is selected tO'be "substantially" complementary to a strand of 
specific sequence of the template. A primer must be sufficiently complementary to hybridize : 
with a template strand for primer elongation to occurs A primer sequence need not reflect the 
10 exact sequence of the template. For example;; a ndn-complementaiy nucleotide firagment can 
be attached to the^S' end of the prim^, with the remainder of the primer sequence being . i i ' ^ ' 
substantially cbmpldnentaiy to the strand. Non^cbmplementary b^^ 
can be interspersed into the primer, provided that the primer ^^^^ 

complementarity with the sequence of the template to hybridize aind thereby form a template 

15 primer complex for synthesis of the extension p^^^ 

' " The terai "probe" refers to an oligon^ 
whether occurring naturally as in a purified rcistriction digest or produced synthetically,^ ^ ^^ 
recombinaatly orby PCR amplification, wMch is capable of hybridismg'tdm r v 

oligonucleotide- of interest. A probe can be siiigle-striand'ed or double-stranded. Probes are - 

20 usefiil in the detd^tion, identifibation l^d i^olation'of ^ gene sequences. It is 

contemplated that any probe used -ih-^he present invention 6an be labeled with any "reporter 
molecule," so that is detectable in any detection -systCTi,' iilcludingy but not limited to 
fluorescent, enzyxne (e;g;, ELISA, as well as enzyme-ba^ed histbchemical assays), 
radioactive, quantum dots, and luminescem systems. It is not intended that the ^^^^ 

25 invention be limited to any particular detection system or label. 

The term "template," refers to nucleic acid that is; to acted upon, such as 
nucleic acid that is to be mixed with polymerase. In some cases "template" is sought to be^ 
sorted out fi^om other nucleic acid sequences. "Substantially single-stranded template" is 
nucleic acid that is either completely isingle-stranded (having no double-stranded areas) or 

30 single-stranded except for a proportionately small area of double-stranded nucleic acid (such 
as the area defined by a hybridized prima* or the area defined by intramolecular bonding). 
"Substantially double-stranded template" is nucleic acid that is either completely double- 
stranded (having no single-stranded region) or double-stranded except for a proportionately 
small area of single-stranded nucleic acid. 



/ 
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in. Sequencing Apparatuses .' T .. 
A. Basic features of the apparatuses. 

■ ' The.appara:tuses comprise microfabricated channels to which polynucleotide 
5 templates to be sequenced are attached.: : Optionally, the apparatuses comprise plumbing 
components (e.g.^ pumps^ valves^ and connecting channels) for flowing reaction reagents. 
The apparatuses can also comprise an array of reservoirs for storing reaction reagents (eg., 
the polymerase, each type of nucleotides^ and other reagents can each be stored in a different 
resCTVoir).-- ■'■ ; i.-. v.- 

channerVstructure* ThejtCTn "flow channel" or ^microfabricated flow chaiiner* refers to ; 
recess in a structure which can contain a flow of fluid or gas. The polynucleotide templates . 
are attached to the interior surface of microfabricated channels in:Which synthesis occurs. 
For consistency and clarity, the. flow. channels are termed "synthesis channer.' when referring 
15 to such specific use. The microfabricated flow channels- can also be actuated to iunctipii as 
the plumbing components (e;g:i:microrpumps, micro-valves, or connecting charuiels) of the 

apparatuses. '.^i.' -'vy/'ii ;^;!•rv■:>i..^^ -;;K:Ii;.-/ ■^.l! j.^o' . •>_•■-;•••;;.''..•; Xy.^ 

In some applications, iniax>fabricated flow channels are; cast on a ^hip (e.g., a 
elastomeric chip); Synthesis channels are formed by bonding the chip to a flat, substrate {e.g., 

20 a glass cover slip) which iseals the channel. Thus^ one-side of theisynthesU chaiinelis 

provided by the flat substrate. Typically^ the polynucleotide templates are. attached to the. 
interior surface ofthe substrate within the synthesis channel- . .;: - : c L: i > 

The plumbing components can be microfabricated as described in the present 
invention. For example, the apparatuses can contain in an integrated systeni a flow cell in 

25 which a plurality of synthesis channels are present, and fluidic components (such as micro- 
piunps, microrvalves, and connecting channels) for controlling the flow of the reagents into 
and out of the flow cell. Alternatively, the sequencing apparatuses pf the present invention . 
utilize plumbing devices described in,.e.g.,: Zdeblick et aL,v< Microminiature Electricrto-, , 
Fluidic Valve^ Proceedings ofthe 4th International Conference on Solid State Transducers 

30 and Actuators, 1987; Shoji et al., 577afl//e^/jDei2d ]^o/wwe Microvfl/ve^ : 

Chemical Analyzing Systems^ Proceedings of Transducers '91, San Francisco, 1991 ; Vieider 
et al., A Pneumatically Actuated Micro Valve with a Silicon Rubber Membrane for 
Integration with Fluid Handling Systems, Proceedings of Transducers '95, Stockholm, 1995. 

19. 
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As noted above, at least some of the components of the apparatuses are 
microfabiicated. Employment of microfabricated synthesis channels and/pr iniCTofabricated 
plumbing components significantly reduce the dead volume and decrease this amount of time ' 
needed to exchange reagents, which in turn increase the throughput. Microfabrication refers 
5 to feature dimensions on the micron level, with at least one dimension of the microfabricated 
structure being less than 1 000 ^un. In some apparatuses, only the synthesis channels are 
microfabricated, hi some apparatuses, in addition ito the synth^^ 

pumps, and connecting channels are also microfabricated;- Unless dthenvise specified, the 
discussion below of microfabrication is applicable to production of all microfabricated ' 

10 components of the^equencing apparatuses (e.g., the synthesis channels in which sequencing 
reactions occur, arid the valves, pumps^ and comiectirig channels for controlling reagents flow 
to the 'syxithesiscbannbls). i-^-.n";-.. r-.-iti.,:- !::■! r:; - - 

' Various materials can be used to fabricate ithe microfabricated components : • 
(see, e^g., Unger et al.; Science 288:113-116, 2000)i^^:Preferably;]elalstomeric materials are 

15 used. Thus, in some apparatuses, the integrated (i.e;; monolithic) micrpstruct^^ are made 
out of various layers of elastoma: bonded together. By bonding these various elastomeric 
layers together, the recesses extending along the various elastomeric layers form flow . 
channels through the resulting monolithic, integral elastomeric structure, vf n : " '.v 
" 10 a: In general, the niicrofabricated stmct^ 

20 valves , and cbnnecting chknnels) have widths of iaboul OiOli to ^lOOO^micro and a width-to- 
depth ratios of between 0.1:1 to 100:1. Preferably, theiwidth is in the range of ^ 
microns, a width-to-depth ratio of 3:1 to l5:l. ):^ - ^ < ^ • - ■ ^^ i-; 



B. Microfabrication with elastomeric materials ^ 

25 1. Basic methods of microfiabricatiani = - : 

• Various methods can be used to produce the microfabricated components of 
the sequencing apparatuses of the present invention; Fabrication of the microchannels, 
valves, pumps can be performed as described in Unger et al., Scidice 288:1 13-1 1.6, 2000, 
which is incoiporated herein by reference. In some methods 0Rigs. r to 7B, pr 

30 elastomer layers are assembled and bonded to produce a flow channel. As illustrated in Fig. 

1, a first micro-machined mold 10 is provided. Micfo-machined mold 10 can be fabricated 

by a number of conventional silicon processing methods, including but not limited to 

photolithography, ion-milling, and electron beam lithography. The micro-machined mold 10 

has a raised line or protrusion 1 1 extending thercalong. A first -elastomeric layer 20 is cast on 

/3 
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top of mold 1 0 such thiat a first recess 21 can be foiroed in the bottom surface of elastomeric 
layer 20, (recess 21 corresponding in dimension to protrusion 1 1), as shown. 

As can be seen in Fig. 2, a second micro^machined mold 12 having a raised 
protrusion 13 extending therealbng is also provided. A second elastomeric layer 22 is cast on 
top of mold 1 2, as shown, such that a receiss 23 can be formed in its bottom surface 
corresponding to the dimensions of protrusion 13. 

As can be seen in the sequieritial steps illustrated m Figs. 3 
elastomeric layer 22 is then removed from nibld;12 and placed on top of fnst elastomeric 
layCT 20. As can be seen^ recess 23 extending along thebottom surface of second elastomeric 
layer 22 forms a-flow channel 32.^:^- .a ^ ' ■•>-'^'' 

; •: Referring to Fig. 5, the separate first and second^elastomeric layers 20 and 22 
(Fig. 4) are then bonded together to form an integrated (i.e.: monolithic) elastomeric structure 

: As can been seen in the sequential step of Figs. 6 and l A^ elastomeric 
structure 24 is then removed from mold 10 and pbsitiohed on.top of a planar substrate 14. As 
can be sem inFig- TA andiTB, when elastomeric structure 24 has been sealed at its bottom 
surfaceto planar.substrate 14i recess 21 fpnns a flow channd 3 - 

: ; The present elastomeric structures form a reversible hermetic seal with nearly 
any smooth planar substrate.; An advantage to forming a seal this way is that the elastomeric 
structures can be peeled up, washed, and re-used. In some apparatuses, planar substrate 14 is 
glass. A further advantage ofusing glass is that glass is transparent, allowing opti^^ 
interrogation of elastomer channels and reservoirs. Alternatively, the elastomeric structure 
can be bonded onto a flat elastomer layer by the same method as described above, forming a 
permanent and high-strength bond. This can prove advantageous when higher back pressures 
are used. 

In some methods, microfabrication involves curing each layer of elastomer "in 
place'' (Figs. 8 to 18). In these methods, flow and control channels are defined by first 
patterning sacrificial layer on the surface of an elastomeric layer (or other substrate, which 
can include glass) leaving a raised line of sacrificial layer where a channel is desired. Next, a 
second layer of elastomer is added thereover and a second sacrificial layer is patterned on the 
second layer of elastomer leaving a raised line of sacrificial layer where a channel is desired. 
A third layer of elastomCT is deposited thereover: Finally, (he sacrificial layer is removed by 
dissolving it out of the elastomer with an appropriate solvent, with the voids formed by 
removal of the sacrificial layer becoming the flow channels passing through the substrate. 
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: Referring first to Fig. 8, a planar substrate 40 is provided. A first elastomeric 
layer 42 is then deposited and cured on top of planar substrate 40. . Referring to Fig. 9, a first 
sacrificial layer 44A is then deposited over the top.of elastomeric layer 42. Referring to Fig. 
10, a portion of sacrificial layer 44 A is removed such that only a first line of saarificial layer 
44B remains as shown. Refening to Fig. 11, a second elastomeric layer 46 is then deposited 
over the top of first elastomeric layer 42 and over the first line of sacrificial layer 44B as 
shown, thereby encasing first line of sacrificial layer 44B between first elastomeric layer 42 
and second elastomeric layer 46. Referring to Fig. 12j.elastomeric layers 46 is then cured on 
layer. 42 to bond the layers together to form a monolithic elastomeric substrate 45^ 

Refming to Fig. 13, a second sacrificial layer 48 A is then deposited over 
elastomeric structure 45. Referring to Fig. 14, ja pordon of second sacrificialj layer 48 A is 
removed, leaving only a.second sacrificial layer .48B on top of elastoineric. structure 45 as 
shown. Refening to Fig. 15, a third elastomeric layer 50 is then dq)osited over the top of 
elastomeric structure 45 (comprised of second elastomeric layer 42 and first line of sacrificial 
layer 44B) and second sacrificial layer 48B as shown, thereby encasing the second line of 
sacrificial layer 48B between elastomeric structure 45 and third elastomeric layer 50; - 

Refening to Fig. 16, third elastomeric layer 50 and eliastomeric structure 45 : 
(comprising first elastomeric layer 42 and second elastomeric-layer 46 bonded together) is 
then bonded together fonning a monolithic elastomeric structure 47 having sacrificial layers 
44B and 48B passing therethrougih as shownv Referringitb Fig. sacrificial? layers 44B and 
48B are then removed (for example, by^an^ solvent .)isuch thiat a first How channel 60. and a 
second flow chamiel 62 are provided in theiir place, passing through -elastomeric structure .47 
as shown. Lastly, refening to Fig. 1 8, planar substrate 40 can be removed from the bottom of 
the integrated monolithic structure. 

2. MuWlay^ construction ? : : ; : v jiK . : 

Soft lithographic bonding can be used to construct an integrated system which 
contains multiple flow chazmels. A heterogenous bonding can be used in which different 
layers are of different chemistries. For example, the bonding process used to bind respective 
elastomeric layers together can comprise bonding together two layers of RTV 615 silicone. 
RTV 615 silicone is a two-part additibn^cure silicone rubber. Part A contains vinyl groups 
and catalyst; part B contains silicon hydride (Si-H) groups. The conventional ratio for RTV 
615 is 10A:1B. For bonding, one layer can be made with 30A:1B (i.e. excess vinyl groups) 
and the other with 3A:1B (i.e. excess Si^H groups). Each layer is cured separately. When the 
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two layers are brought into contact and heated at elevated temperature, they bond iireversibly 
forming a monolithic elastomeric substrate. : : x^: / ..i ; : : .-j^.:. ? - . . ; , : 

.A homogenous bonding canalscbe used in ^yhich all layers are of the same : 
chemistry. For example^; elastomeric.structixres are formed utilizing Sylgard 1 82, 1 84:Or 1 86, 
or aliphatic urethane diacrylates such as (but not limited to) Ebecryl 270 or Irx 245 from UCB 
Chemical. For example, tworlayer elastomeric structures jyere. fabricated from pure. aciylated 
Urethane Ebe 270. A tlun bottom layter was s^^ for IS seconds at 170°C. 

The top and bottom layers "were initially cured under ultraviolet light for 1 0 miimtes under 
nitrogen utilizing a Model ELC 500 device manufactured by Electrplitje coippratipn. The 
assembled layers were then cured for an addition^ .30 mmutes.:]Ele catalyzed by a 

0.5% voyypl mixture of Irgacvre, 500 manufactured by. C^^^^ resulting 
elastomeric material^ exhibited mpderate elastic^tyj^ . .:p. , ; . 

^. . . : In sonie applii^tipns, twp^laye^^ 
combination of 2^5% Eb^ 270 / 50% 1x1:245 / 25% ispprppyl alcpholv^fpr a tim b^ 
and pure acrylated Urethane Ebe; 27Q as, a top Iay(a:^rThe thin bottom Jayer was. m pured^ 
for 5 min, andjthe top layei^.initii^lly .cur<pdfp^^ . 
nitrogen utilizmg.a.ModelE^ device manufactoediby Elepfr^^ 
assembled layers were then cured; for lan additional 30 minutes. Reaction was catalyzed by a ^ 
0.5% vol/vol mixture pf lrgacnire;5 maniufactured by Giba-Geigy Ghm resulting 
elastomeric ms^eride^^ :oa; , : ir 

. . !: !Where.cncaps^^^ of sacrificialjayers 
elastomer structure as described, above in I^igs.,8r,V8»;bpndmg pf elastomeric laym 

can be accpmplished by pouring uncured elastomer pvei: a preyipusly cured elastomeric layer 
and any sacrificial naaterial patterned thereupon. Bonding between elastpmerJayers occurs 
due to inteipenetratipn and reactipn of the polymer chains pf an vmcxired elastpmeF layer mtb 
the polymer chains of a cured elastomer lay^. Subsequent curing of the elastomeric lay<^^ : i 
creates a bond between the elastomeric layers and create a mpnplitMc elastpmerip strucUffe.. 

Referring tpthie first method of Figs. 1 :tp 7B, first elastomeric layer 20 ,can be 
created by spin-coating an RTV mixture on microfabricated mpld 12 at 2000 ipna's for 30 ; 
seconds yielding a thickness of approximately,40 microns., Seepnd elastomeric layer. 2^ can 
be created by spin-coating an RTV mixture on microfabricated mold. 11. Both layers 20 and 
22 can be separately baked or cured at about SO'i'C for, 1.5 hours. The second elastomeric 
lay^ 22 can be bonded onto first elastomeric layer 20 at about 80^C for about 1.5 hours. 
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Micromachined molds 10 and 12 can be patterned sacrificial layer on silicon 
wafers. In an exemplary aspect, a Shipley SIR 5740 sacrificial layer was spun at 2000 ipm 
patterned with a high resolution transparency fito as a mask and then developed yielding an 
inverse channel of apprO)dmately lO micrpns in height^ When baked at approximately 200«'C 
for about 30 minutes, the sacrificial layerreflows arid the inverse channels become rounded. 
In preferred aspects, the moldis can be treated wifli trimethylchlorosiltoe (TMeS) v^or for 
about a liiinMe before each use in 6fd» to prevent iadhesion of silicone rubber. 



3; Suitable materials - ' 
10 • ■ ' ' Allctock et al, r'»^*«r,pvsr=.Ty yplvmf>f; (nhemistrv.'2°^ Ed, describes elastomers 

in general as pdiymers existing iat a terriperature betweaa their glass ftariisitiori temperature 
and liquefaction temperatureL Blaistomenc materials eS^ 

polymer disun^ readily undtrgo torsibnid motiott to perim backbone chains 

in ieq)bris«i to a f6rt«^ with thie backbone c^ assume the prior Shape in the 

15 absdnce of the fdnic. In genwal, elastbinets deforin whai force is appliedi but then return to 
their original'shape when the force is removed. The dasticify exhibited by elastdrheri<5 
materials cii be characterized by a Yoimg's'mddulus. Elastomtiric iriiteriaJs haviiig k- ' ' 
Young's modulus bf between iabbut 1 Pa - 1 TPai mbris preferably betwe&i a^ 
GPaj more preferably between about 20 Pa - 1 GPa^ more preferably between about 50 Pa - 

20 10 MPa, and more preferably between about 100 Pa ^-l MPa aire useful iii acdwdance i^^ 
the present inventibfai although felastomeriie materials haviiig a YoUrig^s modulus butside of 
theseranges could asbbieutiUzeddepitiidingiipon the heeds of a p ' 

The systahs of the priesoat inveritibri can be fabricated firom a wide variety of 
elastomws/ For example, elastbmeric layers 20, 22/42, 46 and 50 can preferably be 

25 fabricated fiom silicbne riibber. In some applicaticns, microstructuresbf the present systems 
are fabricated from an elastbmeric polymer such as GE RTV 615 (formulation), a vinyl-silane 
crosslink^ (type) silicone elastomer (family). An important requirement for the preferred 
method of fabrication is the ability to bond multiple layers of elastomers tbgether. In the case 
of multilayo- soft lithography, layers of elastomer are cured s^arately and thai bonded 

30 together. This scheme requires that cured layers possess sufficient reactivity to bond together. 
Either the layers can be of the same type, aind are capable of bonding to themselves, or they 
can be of two different types, and are capable of bonding to each other. Other possibilities 
include the use an adhesive between layers and the use of thermoset elastomers. 
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Given the tremendous diversity of polymer chemistries, precursors, synthetic 
methods, reaction conditions, and potential additives, there are a huge number of possible 
elastomer systems that could be used td make monolithic elastomeric niicrostructures. o 
Variations in the materials used most likely are driven by the need for particular, material 
properties, i.e. solvent resistance ■ stiffaess, gas permeability, or temperature stability^ 

Common elastomeric polymers include, but are not limited to, polyisoprene, 
polybutadiene, polychloroprene, polyisobutylene, poly(styrene^butadime-styrene), the 

polyurethanes, arid silicones. The following is a non-exclusive list of elastomieric materials 
which can be utilized in connection with the present invention: polyisoprene^ polybutadiene, .. 
polychloroprerie, polyisobutylene, poly(styrene-butadiene-styrene), the polyurethanes, and 
silicone polymers; or.poly(bis(fluproalkpxy)phpsphazene) (PNF, EypplTp), pply(carborane- 
siloxanes) (Dexsil), poly(acrylonitrile-bptadiene).(nitrijle rubbefr), pplyCl-^butene), ; , ^ 
poly(chlorptrifluorQethylene-yinyh copolymers (Kel-F), poly(eAyl vinyl ether), 

poly(vinylidene fluoride), pplyCyi^^^ . 
(Viton), elastomeric compositions p/polyvinylphlpri4e polycarbonate,, 
polymethytaeth^ciylsrte (P|^^ , - ; r 

I In addition, polymers incpjfporating materials .st^ch as phlprosil^es pr,inethyl-, 
ethyl-, and phenylsilanes, and polydimethylsilpxane (PDMS) sych as Dow Cheimcal Cpip.^ . 
Sylgard 1 82, 1 84 or 1 86, or aliphatic urethane diacrylatejs such as (but not. limited to) Ebecryl 
270 or Irr 245 from UCB Chemical can also be used. , 

In some methods, elastomers can also be "doped" with imcrosslinkable 
polymer chains of the same class. For instance RTV i615 can be diluted with GE SF96-50 
Silicone Fluid. This serves to reduce Ihe viscosity of the uncured elastomer and reduces the 
Young's modulus of the cured elastomer. Essentially, the crosslink-capable polymer chains 
are spread further apart by the addition of "inert" polymer chains, so this is called "dilution . 
RTV 615 cures at iip to 90% dilution, with a dramatic reduction in Young's modulus. 

Other examples of doping of elastomer material can include the introduction 
of electrically conducting or magnetic species. Should it be desired, doping with fine 
particles of material having an index of refraction different than the elastomeric material (i.e. 
siHca, diamond, sapphire) is also contemplated as a system for altering the refractive index of 
the material. Strongly absorbing or opaque particles can be added to render the elastomer 
colored or opaque to incident radiation. This can conceivably be beneficial in an optically 
addressable system. 
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4.I.. Dimensions.ofthe.microfabricated structures .m /k . , / : 
J : . . Some flow .channels.(30, 32, 60 arid ;62) preferably have.width-tordepth ratios 
of about 10:h A non-exclusive list of otherranges. of width-to-depth ratios in accordance 
with the present invention is 0. 1 : 1 to 1 00; 1 , more preferably .1 : 1 to 50: 1, more preferably 2:1 
to 20:1, and most preferably 3:1 to 15:1.1 In an exemplary aspect, flow channels 30, 32, 60 
and 62 have widths of about 1 to 1000 microns. A nonrexclusive list of other ranges of 
widths of flow channels in accordance with the present invention is; 0;01 to 1000 microns, 
more preferably 0.05 to 10.00 microns, more preferably 0.2 to 500 microns, more preferably 1 
to 250 micronsi and most preferably 10 to 200 micrpns. ; Exemplary channel widths include 
0.1 pm, 1 fAm, 2 Jim, 5 ^m, 10 |im, 2041m, 30 jmi, 40:^im^'50 ^m, 60 ^m, 70 ^m, 80 90 
Jim, 100 jim,' 110 jirri, 120 jim^ 130imi, 140 jiin, 150 |jm^ 160 |im;170 jm^^^ 
jim,200|am,210)imv-^0 jim^230^j^ >^i;/i ( i: ..:. !) 

• chanheis 30, 32,- l OO iiiiCToris. A 

non-exclusive list of bthisif ranges bfd^pft^^ of flbw channels' in accordance with the present : 
invention is 0.01 to lOOO micrbiis, mote preferably 07G5 t6 500 imci-onsi more prtfe^ 0.2- 
to 250 microns, and more preferably 1 to 100 niicfbiisjmbre jprefera^^^ 20 niici-bhsi^ahd : 
most preferably 5 to 10 mibrbnsl Exernpl^^^ f^ni, 0.02 

Jim, 0:55'iinii'ai''jiiri^ 0.i2''|!ini, 'oVsVm^' I'^jim, 2' jitiii-'3' jim;^4 |iin^ 5 ^, 7.5 liin, 10 |ini; 12.5 
jmi^ 15 jiiii, 17.5 j^^^ jim, i2^5 jim, 25 ^m^ 30 ji^ jini; 150 



Jim, 200 Jim, and 250 jim. 

The flow channels are not limited to these specific dimension ranges and 
examples given above, and can vary in width in order to affect the magmtude of force 
required to deflect the membrane as discussed at length below m conjunction with Fig. 21. 
For example, extremely narrow flow channels having a width on the order of 0.01 jim can be 
useful in optical and other applications, as discussed in detail below. Elastomeric structures 
which include portions having channels of even greater width than described above are also 
contemplated by the present invention, and examples of applications of utilizing such wider 

.!.!;';, . - •.!,•■■...< . .. . I . ', I .• .' . . . . ! . \-\ i. . ,.!.*.; ^. i- >:;■.,.,/ ..! i ■ . ■. . . i . * .' . 

flow channels include fluid reservoir and mixing channel structures. 

Elastomeric layer 22 can be cast thick for mechanical stabiUty. In an 
exemplary embodiment, layer 22 is 50 microns to several centimeters thick, and more 
preferably approximately 4 mm thick. A non-exclusive list of ranges of thickiiess of the 
elastomer layer in accordance with other embodiments of the present invention is between 
about 0.1 micron to 10 cm, 1 micron to 5 cm, 10 microns to 2 cm, 100 microns to 10 mm. 

/I 
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. Accordingly, membrane 25 pf Fig, 7B separating flow channels 30 and 32 has 
a typical thickness of between about 0.01 and 1 OflO microns, more pxefexably , p.05 to 50Q . 
microns, more preferably 0.2 to 250,^more.preferably 1 to I QO niicrons, more prefer^ibly 2 to 
50 microns, and most preferably 5 to 40 microns. As such, the thickness of elastomeric layer 
22 is about 100 times the thickness of elastomeric layer 20. Exemplary membrane 
thicknesses include 0.01 ^m, 0.02 |iin, 0.03 ^im, 0.05 jim, 0.1 [im, 0.2 jim, 0.3 jim, 0.5 >xm, 1 
jjon, 2 Jim, 3 pim, 5 jxm, 7.5 )im, 10 ^im, 12.5 jxm, 1 5. ^m, 17.5 \xm, 20 |im, 22.5 |im, 25 pm,^ 
30 nm, 40 Jim, 50 \xm, 75 jim, 100 jam, 150 jim, 200 jim, 2504xm, 300 ^im, 400 pin,.5004im, 

750 urn, and 1000 Mixi. i . : / ■ i . ^ ; - >: r ; 

Similarly, first elastomeric layer 42 can have a preferred thicfcaess a^^ 
to that ofelastomeric layer 20 or 22; second elastomeric layer 46.can ha^^^ ^ 
thickness about equal tO: that of elastomeric layer 20;: and third elastomeriC|layer 50 can have 
a preferred thickness about equal to that of elastomeric layer 22. 

C. Operation ofthemicrofabricated components . .. 

; Figs. 7B and 7C together show the closing of a^^^ 
pressurizing a second flow channel, with;Fig.7B . (a front siectipi^al view cutting thrqugh flow 
channel 32 in corresponding Fig. 7A), showing an open first flow channel 30; wjth Rg. 7C ^ 
showing first flow channel 30 closed by pressurization of the second flow channel 32. 
Referring to Fig. 7B, first flow channel 30 and secprid flow channels are sifipwi^. Mem^ 
25 separates the flow channels, forming the top of first flow chanr^el 30 and the bottom of 
second flow channel 32. As can be seen, flo\y channpl 3Qis "op^n". 

As can be seen in Fig. 7C, pressurization of flow channel 32 (ei^er by gas or 
liquid introduced therein) causes membrane 25 to deflect downward, thereby pinching off 
flow F passing through flow channel 30. Accordingly, by varying the pr^e^sure i^i chaipel 32, 
a linearly actuable valving system is provided such that flow channel 30 can be opened or 
closed by moving membrane 25 as desired. , . , 

It is to be understood that exactly the same valve opemng and closing niethods 
can be achieved with flow channels 60 and 62, Since such valves are actuated by moving the 
roof of the channels themselves (i.e., moving membrane 25), valves and pumps produced by 
this technique have a truly zero dead volume, and switching valves made by this teclinique 
have a dead volume approximately equal to the active volume of the valve, for example about 

1 00 X 1 00 X 1 0 pm = 1 OOpL. Such dead volumes and areas consumed by the moving 

-20 
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membrane are approximately two wders of magnitiide smaller than known conventional 
microvalves. Smaller arid larger valves iand switching valves ar'e cohtraiplated iti the present 
invention' arid' a'non-excliisive list of ranges- of dead vbluriie ihcludeii 1 aL to'l uL,'100 aL to 
100 hL, 1 fL to idnL; 100 fL to I riL; ahd 1 pL tb lOOpL ■ -^q m . i,r.. 

5 tiie epttremeiy small volumes capable 'of being delivered by puhipsi and valves 

in accbrdance with the present iriveritiori represent a subistiantial advantage. Specifically, the - 
smallest known volumes 6f fluid capable of being manually metered is af bund CM The 
smallest knoSvn volumes capable of being metered by automated systems is about ten-times 
larger (1 fil). Utilizing pumps and valves of the present invention, volumes 'of liquid of 10 nl 

1 0 or smaller can routinely be metered and dispensed: ; The^ accurate metering of extremely small 
volumes of fluid tabled by the |pfeserit i^^ extremely valuable in a large ; . * 

number of biblogicarapplicatibhs^ iriblfidihg diagnostic tests and assays:^ ; ^ ; . i - ^ ' ; : : 

Figs. 21a and 21b illustrate vsdve bpienih^^ a 100 |mi 

wide first flow channel 30 and a 50 jim wide second flow chaimel 32. The membrane of this 

15 device was formed by alayer of General Electric Silicones RTV 615 having a^^^ of 

approximately 30]im- and a Ydun^gVrnbdulus of appfoxi kPa. Figs. 21a and 21b 

show^ eifteirt of bpe^ dver'mbst of the range of ■ 

applied pressures; - 

• • " Air pressure was appli^ tb actuate the meiribrane of ihe device through a^l^ 

20 cm ibn^piec6 ctf jJastic tubing having mbutCT to iai 25 mm ^ 

piece of stainless steel hypodermic tubihg with' an outer diameter of 0;025" iand ah inner i - 
diameter of 0.013". This tubingiwas plicfed into contact with the control channel by insertion 
into the elastoriieric block in a direction normal to the control channel. Air pressure was 
applied to the hypodermic tubing from aii external LHDA miniature solenoid Valve 

25 manufactured by Lee Co. • 

The response of valvbs of tHe present invention is almost peifebtly linear over 
a large portion of its range of travel, with minimal hysteresis. While valves arid pumps do 
not require liiiekr actuation to bjpeii and' close, linear response does alloW valves to more 
easily be used as irieterihg devices. In some applications, the bpening of the Valve is used tb 

30 control flow rate by being partially actuated to a known degree of closure. Linear valve 

actuation makes it easier to determine the amount of actuatiori force required to close the 

valve' to a desired degree of closure. Another benefit of linear actuation is that the force 

required for valve actuation can be easily determined fi'om the pressure in the flow channel. 

4/ 



WO 01/32930 i - PCT/US00/3059I ' 

If actuation is linear, increased pressiire 'in the flow channel can be countered by adding the 
sanie pressure (force per unit area) to the actuated port^^ ' ■ 

D. Schematic illustration of the elastomeric apparatuses ^ 
5 Ail exemplary seqiericihg system is illustrated in Fig. 25; Four re^ 

1 50A, 1 50B, 1 56C and 1 50D have labeled nucleotides A, C, T and G respectively-dispbsed 
therein. Four flow channels 30A, 30B, 30C and SOD are connected to reservoirs 1'50A, 150B, 
1 50C and 1 50D. Four control lines 32A, 32B, 32C and 32D (shown in phantom) are 
disposed thereacross with control line 32A pennitting flow only through-flow channel 30A 

10 (i.e.: sealing flow channels 30Bj 30G and 30D);when control line 32A is pressxirized. 

Similarly, contfdl line 32B pennits flow only through flow cha^^ when pressurized. 
As such, the selective pressurizatiori of control lines 32A, 32B, 32C and 32D sequentially 
selects a desired nucleotide (A, G, T or G) from a desired reservoir (150A,1 SOB- 150C or 
150D)' The fluid then passes through flow channe;! 120 ' 

15 controller 125^ which in turn directs fluidfloWiiito one or more of a pliirality of synthesis = 
channels 6f reaction chtoibers l22A,122B;^ ' 
synthesis can be carried out. ^• r;: lor a:.^ 

' 'i' Fig.' 26 illustrates a furtherextension of the systemi shown in Fig; 25. It has a 
plurality of reservoirs RT to Rl 3: These reservoirs caii contain the labeled niicleotides, 

20 nucleotide polymerase, orreagents for coating the surface of the synthesis channel and 
attaching polynucleotide templates (see below for further discussion). The reservoirs are 
connected to systems 200 as set forth in Figs. 25. Systems 200 are connected to a ■ 
multiplexed channel flow controller 125^ which is in turn connected to a plurality of synthesis 
channels or reaction chambers. An advantage of this system is that both of multiplexed 

25 channelflowcontrollers 125 and fluid selection systems 200 can be controlled by the same 
pressure inputs 170 and 172 , provided a Vclbse horizontal" and a "close vertical" control 
lines(160and 162, in phantom) are also provided. :^ 

^ Some apparatuses comprise a plurality of selectively addressable reaction 
chambers that are disposed along a flow chiannel. In these apparatuses, the~polynucleotide 

30 templates can be attached to the surface of the reaction chambers instead of the surface of 
flow channels. An exemplary embodiment of sucfi apparatuses is illustrated in FigS; 22A, 
22B, 22C and 22D. It is a system for selectively directing fluid flow into one or more of a 
plurality of reaction chambers disposed along a flow channel. 

1.. 'i^^*^ 
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; , : : . Fig. 22 A shows a top^.viiew of a flow channel 30 . having , a pluiality of reaction 
chambers 80A and SOB disposed Iherealong. . Preferably flow. chaiine;! 30,and reaction:; 
chambers 80A and SOB are foimed together as recesses into the bottom surface of a first layer 
100 of elastomer. ..•-!;'•'.•::!-■>! 

, Fig. 22B shows a bottom plan, view of another elastomeric layetr 1 1 0 with two 
control lines 32A and 32B, each being generally narrow, but hayiiig wide extending portions 
33 A and 3 SB formed as recesses therein. . ; ^ j:. : a . : ; 

AS:Seen in. the exploded yiew of Fig. 22C, and assembled view of Fig. 22D, 
elastomeric layer ! 10 is placed over elastprneric layer 100, Layers iP.Q.and 110 are.then : 
bonded togetherj;iand the integrated system pperatesjto selectively^ direct. fluid; flo\y:F (through 
flow channel 30)Jntp either or both of reaction chambers ,SOA:and SOB, .as follcws... ; i : 
Pressurizatio^n of control line 32A will cause the membrane 25 (i.e.: the thin portion of. ... 
elastomer layer 1 00 located below extending portion 33 A and over regions .82A: of reaction 
chamber 80A) to become depressed, thereby shutting off fluid flow p,assage in regions S2A, 
effectively sealing reaction chamber: 8P. from; flow chaniiel 30, As can alsp.be seen, extending 
portion 33A is widerthm the reinainder ofcontrol.U^^ A5:such, ipressurization of : ; . r : 

control line 32 A will not result in control line 32 A sealing flow channel 30., i nj:; : • ; : 

'As canjbe appreciatedi either or bojflipf cpntrpHines 
actuated at.once. When both controMines 32A arid 32B are pressurized togetherj-sample flow 
in flow channel 30 will enter neither of reaction chambers 80A or. SOB. ■ u v: r i\ .= . ; = 

.The concept of selectablywntrolling fluid infr^ 
addressable reaction chambers disposed along a flow line XFig?. 22) can be cprnbined with v 
concept of selectably controlling fluid flow, through one or more of a plurality of parallel flow 
lines (Fig. 21) to yield a system in which a fluid sample or samples can be sent to. any 
particular reaction chamber in an array of reaction chambers. An example of such a system is 
provided in Fig. 23, in which parallel control channels 32A, 32B and 32C with extending 
portions 34 (all shown in phantom) selectively direct fluid flows Fl and F2 into any of the 
array of reaction wells 80Aj,.80B, 80C or.SOD as explained above; while pressurization of 
controllines 32C and 32D selectively shuts off flows F2 and Fl, respectively.!; : 

In yet another embodiment, fluid passage between parallel flow channels is 
possible. Referring to Fig. 24, either or both of control lines 32A or 32D can be depressurized 
such that fluid flow through lateral passageways 35 (between parallel flow channels 30A and 
30B) is permitted. In this aspect of the invention, pressurization of control lines 32C and 32D 
would shut flow channel 30A between 35 A and 35B, and would also shut lateral 
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passageways 35B;; As such, flow entering as flow Fl v/ould sequentially trayel.thrpugh BOA,. 
35 A and leave BOB as flow F4. 

. • ■ ■ . -• ■ ' . - • ■ • . . 

E. Non-elastomer based. apparatuses. . ,< . 

5 . . . As discussed above, while.elastomers are preferred materialS:f^^^ 

the sequencing apparatuses of the present invention, non-elastomer based microfluidic 
devices can also be used in. the apparatuses of the present invention. In sorne applications, 
the sequencing, apparatuses utilize microfluidics, based on conventional micro-electro- 
mechanical system. (MEMS) technology. Methods of producing conventional MEMS . 

10 microfluidic systems such as bulk micro-rnachining and surface microTmacluiiing haye been 
described, e.g., in Terry et a!.,y4 Gas Chromatographic Air Analyzer Fa^^ Silicon 
Wafer, IEEE Trans, on Electron Devices^ y.:E:D^26, pp. 1880-1886, 1979; and Berg et al.. 
Micro Total Analysis Syst(ms^l^e\^ypx)s^^ wci - c: /; i 

Bulk naicrormachining is a subtractive fabrication methodjy/herefby single : . _f 

1 5 crystal silicon is lithographically patterned and. then.etched to fonn :three-dimensipnal ; ; ^ , 
structures. For example,^ bulk micromachiiung teclm includes vthe, use Q,fgl^^ 

wafer processing, siliconrto.-glas.s wafer bonding,: h been cpnmpnly used^ t^^^^ :. 
individual, microfluidic components, • Jhis. glass-bonding, technplpgy has ^alsp b?en used Ip ; ; 

fabricatje.niicrpfluidic systems.-/ - rij-H ..Ljvrv.- w-u ,\v\: 5..:fi-; Uai ; oj 'rr.^ 

20 Surface micro-machining is an additive method w^ of ^ : : : rj . 

semiconductor-type materials such as polysilicon, silicon nitride, ;Silicpn dioxide, and various 
metals are sequentially added and pattemed to. make three-dimensional ;structures, ; Surface , 
micromachining technology can be used to fabricate individual fluidic components as well as 
microfluidic systems with on-chip electronics. In addition, unlike bonded-type devices, 
25 hennetic channels can be built in a relatively simple manner using channel, walls made of . . 
polysihcpn )(see, e.g., >yebster et a^ Electrpphpresis Stage with 

On-Chip Detector^ in International Conference on Micro Electromechanical Systems, MEMS 
96, pp. 49 1 -496, 1 996), silicon nitri de (see^, e.g., Mastrangelo et a,l ., Vacuum^-Sfaled S^^^ . , 
Micromachined Incandescent Light Source, in Intl. Electron Devices Meeting, DDEM 89, pp. 
30 503-506, 1989), and silicon dipxide. . . : . : j 

In some applications, electrokinetic flow based micrpfluidics can be employed 
in the sequencing apparatuses of the present invention. Briefly,,these systems direct reagents 
flow within an interconnected channel and/or chamber containing structure through the 
application of electrical fields to the reagents. The electrokinetic systems concomitantly 
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regulate voltage gradients applied acrbss at least two intersecting channels. Such systems are* 
described, e.g., in WO 96/04547 and U.S. Patent No. 6,107,044. : ^ • 

An exemplary electrokinetic flow based microfluidic device can have a body 
structure which includes at least two intersecting channels or fluid conduits, e.g.j 

5 interconnected, enclosed chambers, which channels include at least three unihtersected 

termini. The intersection of two channels refers to a point at which two or more channels are 
in fluid cbnimunication with each others and encompasses 'T' interse^^ 
intersections, "wagon wheel" intersections of niultiple channels, or any other channel 
geometry where two or more channels are in such fluid communication; A£ unintersected 

10 terminus of a channel is apoint at which a channe! terminates not as a result of that channel's 
intersection with another chaimel, e.g.^ a "T'* intersection^ ^-^^ '■■ 0'-^ : ^ • ' 

' ^ In sibme electrola^ 

channels having at least four unintersected termini are present. In a basic croiss channel « 
structure, where a single horizontal chaimel is intersected and crossed by a'single vertical 
15 channel, controlled elfectrokirietic transpb 

intersection, by prbvidiiig Constraining flows froiri the other channels at the intersection; - 
Simple electrbldnetic- flow of this reiageht acrb^ intersection could be accomplished by 
applying a' vbltagfe gradient acfbss the lerigffi of th¥h^ 

voltage to the left terminus of this channel, and a second, lower voltage to the right terminus 
20 of this channel, or by allowing ^the right terininus to flbat (applying no voltage); - 

' -In some bther applications, the appajattis comprises a microfabricated flo 

cell with external mini-fluidics.' ^ Siich an apparatus is illustrated in^Fig. 27. ^ The glass cover 
slip can be anodically bonded to the surface of the flow cell. The inten^bgatiori region is - 
lOO^m X lOO^iin x lOO^m, while the input and output channels a^^^ 
25 100|am. Holes for the attachment of plumbing are etched kt the en^s of the channels. For ' 
such apparatuises, the fluidics can be exterhaL Plumbing can be performed with standard 
HPLC components, e.g^^ from Upchurch and Hamilton. In the ihteixogatibn region, the 
polynucleotide tebplate is attached to the surface with standard avidin-biotiri chemistry. 

- . - - ' .... . . , I 

Multiji5le copies of templates can be attached to the apparatus. Fdr examjple, for a 7 kb 
30 template, the radius of gyration is approximately 0.2|im. Therefore, abbut 10 molecules can 
be attached while preventing the molecules from touching. Reagent switching can be 
accomplished with, e.g., an Upchurch six port injection valve and driven by, e.g., a Thar 
Designs motor. Fluid can be pumped with a syringe pump. The detection system can be an 
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external optical microscope, with the objective being.inxlose proximity to the glass cover .. , . ; 

slip.. r . . I - . 

rV Analysis of polynucleotide sequences 
5 A. . Template preparation and attachmerit to surface of synthesis channel . 

J. ."niegeneral-sphemei^.,.-:^ ... r • 

: . In some applications, the polynucleotides to be analyzed are first cloned in . 
single-stranded M13 plasmid (see,, e.g., Current Protocols In Molecular Biology, Ausubel, et 
ah, eds., John Wiley & Sons, Inc. 1 995; and Sambrook, et al.. Molecular. Cloning. A . , . 
10 Laboratory Manual, Cold Spring Harbor Press, 1 989). The single straiidejd plasmid is primed 
by 5 Vbiotinylated primers (see, e.g., U.S. P^Jtent No. 5,484,701), and4ouble stranded plasmid 
call then be synthesized. The double stranded circle is then lineaii zed,; and the biotinylated 
strand is purified. In some methods, templates of aroiind 100 bp iii length are. analyzed. In , 
some methods, templates to be isequenced are about 1 kb in length. In. other methods, : 
1 5 templates that can be analyzed h^ye a leiigfli of about 3 kb, :1 0 kb,; pr , 20 kb. , .; 

. Primer, annealmg is p^erfonned^un conditioiis.^W stringent enojiigh. tp 
achieve sequence.specificity yet sufficiently perrnissive tO;allow,fpiTpaJ^^^ 
at an acceptable rate. . .TTiertemperature and length of time required fpr-pri^ suinealing , 
depend upoii several factors, mcluding the.. b andcpncentra^^^ 
20 nrimer, and the nature of the solvent used, e.g., the concentration of DMSD, fonnamide, or 
glycerol, and counter ions such as magnesixun. .Typically, hybTi4izatipn with synthetic 
polynucleotides is canied out at a temperature tlia^ 

melting temperature of the target-primer hybrid in the annealing solvent. Preferably, the 

annealing temperature is in the range of 55 to 75**C. and the primer concentration is 
25 approximately 0.2 fiM. Under these preferred conditions, the annealing reaction can be 

complete.iii.only J^few sejCfOiidsw,. ^. . , 

The single stranded polynucleotide templates to b^,analy?ed c^ be DNA or 

RNA. They can comprise naturally occurring and or non-naturally occurring nucleotides. 

Templates suitable for analysis according to the present invention can have, various sizes. For 
30 example, the template can have a length of 1 00 bp, 200 bp, 500 bp, 1 kb, 3 kb, 1 0 kb, or 20 

In some methods, the templates are inmiobihzed to the surface of the synthesis 

channels (e.g., 122A-122E in Fig. 25). By immobilizing the templates, imincorporated 

nucleotides can be removed from the synthesis channels by a v^ashing step. . The templates 

^6 
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can be immobilized to the surface prior to hybridi^^^ The templates can 

also be hybridized to the primers first and then immobilize to the surface. Alternatively, the 
primers are immobilized to the surface, and the templates are attached to the synthesis 
channels through hybridization to the primers. -...^^ :u. 

Various fnethods can be used to imniobilize the templates=or the primers to the 
surface of the synthesis channels or reaction chambers. The immobilization can be achieved 
through direct or indirect bonding of the templates to the surface; ITie bonding can be by 
covalent linkage. See, Joos et aLj Analytical Biochemistry 247:96-101, 1997; Oroskar et aL, 
Clin. Chera 42:1547^1555;.1996; and Khandjian, Mole: Bio. Rep. 11:107^1 15; 1986. The 
bonding can also be through hori^coval^^^ linkage. For example, BibHh-strep^^^ (Taylor 
et al-i, X Phys. D: Appl Phys: 24: 1 443,1 99 1 ) anid^digoxigenirf and anti-digoxigenin (Smith et 
al.. Science 253 : 1122, 1 992) are common tools for attaching p61>aiucieotide& surfaces and 
parallels. Alternatively, the bonding can be achieved by anchoring a hydfophobib chain into 

a hpidic monolayer or bilay er. 

When biotin-streptavidiri linkage is used to ininiobilize'the terripla^^^ ' • 
teniplates are biotihylated, and one surface bf the ^ channels^ afecoSted with 

strept^idin;- Since sta'eptaVidin is W tetram^ it has four biotiri binding^ atei p^ 
Thus, in order coat 'a surface Svith stfeptavidin^the surfacie-can'be feiotin^^ 
then one of the four binding sites of streptiavidin can be Used to mchbf tfie pro^ to the ■ 
surface, leaving the other sites free tbbirid the biotihylated template (^^ Taylor et all; ^ ' 
Phys, D. j4ppi: Piy. 24:1443, 1991): Stich treatment leads to a high density bfstreptavidin 
on the siurface of the synthiesi^ channel, allowing a'c of template 

coverage. Reagents for biotinylatihg i surface can be obtained, for example, from Vector ■ 
laboratories.- ^'^-^^^ "^-^ - " - ^'-^^ ■= - . ^ : .•-..k.;;;- . i " .^o. ■ 

In some applications, the substrate or synthesis channel is pretreated to create 
surface chemistry that facilitates attachment of the polynucleotide templates and siibseqiieht 
synthesis reaction^. In some methods; the surface is coated with a'pplyelectirolyte multilayer 
(PElvI). Attachment of templates to PEM-coated surface can be accomplished by light- 
directed spatial attachment (see, e.g., U.S. Patent Nos. 5,599,695, 5,831,070, iarid 5,959,837). 
Alternatively, the templates can be attached to PEM-coated surface entire chemically (see 
below for detail). In some methods, non-PEM based surface chemistry can be created prior 
to template attachment. 

2. Attachment of diverse templates to a single channel 

^7 
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-While diverse pp]>pucleotide te^plates can be each imnobilized.tp and . . ' 
sequenced in a separate synthesis channel, multiple templates can.also be sequenced in a,, 
single microfluidic synthesis, channel. In the latter scenario, the templates, are attached at 
different locations along the flow path of the channel. This can be accomplished , by a ymety 
of different methods, including hybridization of primer capture sequences to oligonucleotides 
immobilized at different points on the substrate, and sequential activatioiiiOf different points 
down the channel towards template immobilization. . - 

, Methods of creation of surfaces with arrays of ..oligonucleotides have been 
described, e.g., in U.S^ Patent Nos. 5,^^^ 6,077,674. ; Such, a, surface can 

be used as a substrate that is to be bond to a microfluidic chip and form the synthesis channel. 
Primers.with .two d.omams, a priming domain and a capture domain,: can be used to anchor 
templates tp the substra,te,.; Theprim^ complementary to the target tera^ 

capture dprpain is present on the non-extended side of thefpriming sequra It,is not r . 
complementary to the target templa^^ .i;.. : 

present on the substrate. . , The ^t^get t^ixiplatps, can ,be sgjarately: hybridizefi, .vath. their, 
primers, or (if the priming sequences are different) simultaneously hybridiz^ jin .the s 
solution. Incubation of the primer/template duplexes in the. flow channel under hybridization 
conditions allows attachment of each .template to Hr um'que spot. Multiple synthesis chaimels 
can be charged with templ^esm this fasWpn sray^ i-jrioM^c; :jiir>v= / . 

Another method for attaching multiple templates in a single channel is tO rv .; ! 

sequentially activate portions of the substrate and attach templateto them. Activation of the 
substrate can be achieved by either optical or electrical means. Optical illumination can be 
used to initiate a photocheniical deprotection reaction that aHo^ys attachment of the template 
to the surface (see, e.g., U.S. Patent.Nos, 5,599,695, 5,831,070, and 5,959,837). For instance, 
the substrate surface can be derivatized with "caged biptin*', a cpnomercially available ; - . 
derivative of biptin that b|5comes capab]e of binding to. ^viclinpnly-after being exposed to . 
light. Templates pan then ]3e attached.by . exposure of a site .to. light, filling the channel with , 
avidin solution, washing, and then flowing biotinylated template into the chameLn Another 
variatJon is to prepare ayidinylated substrate and a template .with a primer vj^ith a caged biotin 
moiety; the template can then.be immobilized by flowing into.the channel ,and illumination of 
the solution above a desired area.. A-ctivated template/primer duplexes are then attached to. .. . 
the first wall they diffused to, yielding a diffusion limited sppt 

Electrical means can also be used to direct template to specific points in the 

channel. By positively charging one electrode in the channel and negatively charging the 

.......... 
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Others, a field gradient can be created which drives the template to a single electrode, where it 
can attach (see, e.g., U.S. Patent Nos. 5,632,957, 6,051,380, and 6,071,394): Alternatively, it 
can be achieved by electrbchemically activating regions of the surface iaind cliianging the 
voltage applied to the electrodes; ' 



: . .} i. -■ > i i 1 ■• • '. 



B. Exemplary surface chemistry for attaching templates: PEM coating ' 

In some methods, the surface of syiithesis channels are coated with PEM prior 
to attachment of the teniplates (or primers). Such attachnient scheme can be both an ex-situ 
process or an in sitii process. With the ex-situ protocol, the siarface of the flat substrate is 

10 coated with PEM first, followed by attabhment of the templates. The elastdnieric 

micfofluidic chip is thien bonded to the substrate tb'fonri iahd seal the syntheisis chaiirieL With 
the in-situ protdcoli the microfluidic chip is attached to the flat substrate first,' arid a PEM is 
then constructed in the channels; The templates aire then attached irisidb the channels. In still 
some other applicaitibns, the irdcrdfim 

15 in the template' attachment proces^i aiid the remairiirig steps can be completed inside the 

inicrdfluidic charirias.^'^-' 

; ! ' ri Preferably; the iri-sifu protocol is used. • Hie riiethod described here leads to 
low nonspecific binding of lab ritiblebtides arid good se^^ of 

the microfluidic components and the synthesis channels; iA good seal between the' 

20 microfluidic components and the synthesiis ch^^^ allows thb use of highei" pressures, which 
in turn increases flow rates arid 'decreases exchiangetim The various riiethods for attaching 
the templates to the surface bf the synthesis charin^^^ arb discussed in detiail below. 

An exemplified scheme of the ex isitii pfotocbl is as follows. First, the surface 
of a glass cover slip is cleaned and then coated with a polyelectrolyte multilayer (PEM). 

25 Following biotinylation of the carboxylic acid groups, streptavidin is then applied to generate 
a surface capable of capturing biotinylated molecules. Biotiriylated pblyriudiebtide templates 
are then added to theVcoated glass cover slip for attachirieritJ The surface chemistry thus 
created is particurarly suited for sequencing by synthesis with fluorescent nucleotides, 
because it generates a strong negatively-charged surface which repels the negatively-charged 

30 nucleotides. Detailed procedures for cleaning the cover slips, coating of polyelectrolyte 

multilayer, and attachment of the templates are described below. 

PEM formation proceeds by the sequential addition of polycations and 

polyanions, which are polymers with many positive or negative charges, respectively. Upon 

addition of a polycation to a negatively-charged surface, the polycation deposits on the 
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surface, forming a thin pol^onerjayer and reversing the surface charge: Similarly,, a '} : ■ 
polyaniop deposited on a positively charged surface, forms a.thin layer of polymer and leaves 
a negatively charged surface. : Alternating exposure to poly(+). and pply(-) generates, a • 
polyelectrolyte multilayer structure ;with a surface charge detemiM 

polyelectrolyte added; in thCiCase of . incompletely-charged surfaces, multiple-layer deposition 
also tends to increase surface charge to a. w^ll defined and stable level. .PEM. formation has 
been described by.Decher et al.(Thin Solid.F.ihns, 210:83H^^^^ 

Carboxylic acid groups are negatively charged at pH 7, and aire a conimon . 
target for covalent bond formation. By:terminating the surface with carboxylic acid groups, a 
surface which is .both strongly negatively-charged and chemically, reactive, can be generated . 
In particular, amines can link to them to forrn .sunide bonds, a reac^on. that.pm b^^ 
by carbodiimides. A molecule with biotin at one end, a hydrophilic spacer, and an amine at 
the other end is used to terminate the surface wiA biptuuii ;^,: -} ;y:v : ? : y ■ 

An avidin molecule is capable of ' 

means that.ayidin, and its derivative Streptavidin, is capaU^^ a biotinrterminated 

surface to a surface c^p^b\t pLcaJ?tur:i^^^^ negative 
charge, is used to attach the. polynuclepli4e=te^ aoialyzed tq^ th^^ s^^ by using a 

biotinylated^piim^r. A buffQf.with a lu 

screen , the repulsjipn of the negatiyd^^^ PNA;. j 

.. .. To coaUhe pplydecfrolyte multi^ : 
with HP H2O: CH2O deiqnized to, 1 ?.3 Mphm-cm and rfilterejd tp: 0,2 jrni), and a RCA Solution, 
(6:4:1 mixture of HP HjO, (30% NH4QH),. and (30% Hap?)). ;The coyer slips thoa. , 
sonicated in 2% Micro 90 detergent for 20 minutes. After rinse thoroughly vsfith HP H2O, the. 
cover slips are stiired'in gently boiling RCA .solution for at. least 1 hour, and rinsed again 

. After cleaaupg, the gkss cpy^^ - . 

(Poly(allylamine) (PAll, +): 2 ing/ml in HP;. H2O, adjusted tp pH 7.O) and agitate for at least 
10 minutes. The cover slips are then removed .from PAll and washed with.HP H2P by . 
submerging in HP H2O with agitation for at least three times.. The treatoent continues by. . . 
agitation in a PAcr solution (Poly(acrylic acid),(PAcr, -): 2 mg/ml in HP H2Q, adjusted tp pH 
7.0) for at least 10 minutes and washing with HP H2P.. Jhe treatment steps are then repeated 

once. ■ ;- . . - '•" 

After PEM coating, the PEM coated glass is incubated with a EDC/BLCPA 

solution for 30 minutes. The EDC/BLCPA solution is prepared by mixing equal amounts of 
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50 mM EDC solution (in MES buffer) and 50 mM BLGPA (in MES buffer) and diluting to 
SmM in MES buffer. The glass is then rinsed with 1 0 mM Tris-NaCl and incubated with 0.1 
mg/ml streptavidin solution for 1 hour: After washing with 10 mM Tris-NaCl, the glass is 
incubated with a solution contaiiung the polynucleotide template (10' M in Tris 100 mM 

5 MgCk) for 30 minutes. The glass is again rinsed thoroughly with 10 mM Tris-NaCl. 

For in-situ attachment, the ihicrofluidic substrate is bonded to the glass cover 
slip by HCl-assisted bonding. Essentially, the chips iare first washed with a surfactant (e.g., 
first with HP H2O, then in 0.1 % Tween 20, then rinse again with HP H2O). The washed 
microfluidic chips are then put on the glass cover slips with a few microliters of dilute HCl 

10 (e.g., 1% HGl in HP H2O), followed by baking at 37° C for 1-2 hours. Such treatment 

enhances the bond strength to glass (e.g., >20 psi pressure) without increasing iionspecific 

adsorption. n . 

Following HCl treatment, PEM formation, biotiiiylatibii, streptavidinylation, 

and template attaclimeht can be perfom ^d methods 

15 as described above for ex-sitii attachirient; except the solutions' ate' iiijfected throui^ the ' ' ^ 

channels by pressure instead of ^^^^ 

' ' Coating the hiicrocha^ 

analyzing polyhiidedtifese^^ present invehtidh: li^ 

method used to attach the template to the siiffate should fiilfill several req^^^ order 
20 to be lisefiil ^in a s'equericing-by-^syhthe^ appHciitionj ' First, it must be possible to attach 

reasonable ^uaitities of polynudeotide templates. - to thd attached templates should 

remain active for polymerase action. Furtlierjl nonspecific binding of fluorescent nucleotides 

should be very low. > - ^ 

If insufficient numbers of template molecules are bound, the signal-to-noise 
25 ratio of the technique is too low to allow useful sequencing. Binding large quantities of 
templates is insufficienti however, if the primer/target duplex cannot be extended by a 
polymerase. This is a problem for sxirface chemistry ba^ 
surfaces: amines are positively charged at nomal pH.' This means thatthe 

charged DN A backbone cian non-specifically stick to the'^siirface, aiid that the pblyrrierase is 

>."'■.'.■■ , • ■ 
30 sterically impeded frorn adding nucleotides. Finally, if there is significaiit nonspecific 

binding of fluorescent nucleotides to the surface, it becomes impossible to distinguish 

between signal due to incorporation and signal due to nonspecific binding. 

When the nucleotides are fluorescently labeled, they generally have relatively 

strong nonspecific binding to many surfaces because they possess both a strongly polar 
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moiety (the nucleotide, and in particular the triphosphate) and a relatively hydrophobic 
moiety (the fluorescent dye): A surface bearing positively-charged groups (i.e. amines) 
invariably has a very high nonspecific binding diie tb the Attraction of the triphosphate group 
(which is strongly negatively charged) to the positively-charged amines J 'Neufral's^^ ' 
generally have strong nonspecific binding due to the action of the flubfesbenf riudeotide ias a 
surfactant (i^e. assembling with nonpolaf moiety towards the uncharged (more hydrophobic) 
surface and polar 6nd in the aqueous phase). A surface beianng negatives charges can repel 
the negatively charged fluorescent nucleotides,' so it bias the lowest nonspecific binding. 
Glass is such a surface, but the surface silahols that give it its negative' charge in water are a 
difficult target to attach DNA to directly^ Typical DNA attachiherit protocols use s^^^^^ 
(often with aminbsilanes) to attach template; as discussed earlier ariino j^oups to 
unacceptable levels of nonspecific binding^ > u... , 

A polyelectrolyte multilayeir terminated with carboxylic acid-bearing polymer 
fulfills all three criteria, first, it is easy to attach polyhuclebtide to because ca^^ 
are.good targets forcovalent bond formation. Second, the attached template is active for ' 
extension by pblymerases - rhost probably; the repulsion of like charges prevents the ' ' 
template fi-om "laying down" on the surface; Finally, the negative charge repels the " 
fluorescent nucleotides, and nonspecific binding is low. 

The attachment scheme described here is easy to*geiieryize bh; Without 
modification, the PEM/bibtin/streptavidih surface that is produced caJi be used'to capture or 
immobilize any biotinylated molecule. A slight modification cm be the us^^ 
capture pair, i.e. substituting digoxygenin (dig) for biotih arid labdirig the mbleculie to be 
immobilized with anti-digoxygenin (anti-dig). Reagents for biotinylation or dig-labeling of 
amines are all commercially available^ 

Another generalization is that the chemistiy is nearly independent of the 
surface chemistry of the support. Glass, for instance, can support PEMs terminated with 
either positive or negative polymer, and a wide variety of cheriiisti^ for either. But other 
substrates such as silicone, polystyrene, polycarbonate, etc, which are hot as strongly charged 
as glass, can still support PEMs. The charge of the final layer of PEMs on weakly-charged 
surfaces becomes as high as that of PEMs on strongly-charged surfaces, as long as the PEM 
has sufficiently-many layers. For example, PEM formation on Oi-plasma treated silicone 
rubber has been demonstrated by the present inventors: This means that all the advantages of 
the glass/PEM/biotin/Streptavidin/biotin-DNA surface chemistry can be appHed to other 
substrates. .-n 
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Althpu^h.the aboye discussion describ.es the immobilizatipn of poljoi . . 

templates by attachment to the surfjape pfflo\y. channels oi: the. surface of reaction chambers 

disposed along flow, channels, other .methods of template immobilization can also be ■ \ 

employed in the methods of the present invention..: In some methods,, the templates can be 
5 attached to microbeads, which can .be arranged >vfithin the microfluidic system. For instance, 

conrnerciallj^j-available latex, microspheres with pre surface .chemistry. can be used. , .. 

The polynucleotide templates can be.attached either before or after the microbeads are; ; 

inducted into the microfluidic system. . Attachment of template before beads are added allows 

a reduction in system complexity, and setup time (as. many templates can be attached to 
10 different ahguots of beads.simultanep^^ beads in sitU;Can: 

allow easier maiugulation of sirf^ chemistiy (as^bead surf^ chemistryi.can.be .r; ;; 

manipulated in bulk and externally to the niicrofluidic device). Beads should be held in place . 

within the flow system for .this technique to be effective. . Methp to. achieve, this include, 

e.g., flowing the beads into, orifices top small fpr them to flow through (where they would \-' 
1 5 become 'Svedged in"), the creation ^of "micrpscrgens'^L^^ in the channel with : 

apertures too small. for beads to. pass through), and/insertion of t^^ in the 

channels where they are affixed by. s^ 

C. Primer extension reaction.- ^v-ir-^-r^v o-. .. r'.-::-y/; 

20 . > Opce^templates are i . 

extension reactions arje.perfoimed .(E^ D.^Hyman, Anal. B 1988). If part . . 

of the template sequence; is Iqiown specifijc primer can be constructed :and hybridized to the . 

template. Altenaatiyely, a linker can be ligated tp the;template of unknovm sequence in order 

to allow for hybridization of a primer. The primer can be hybridized to rthe template before or . 
25 after immpbilization of the template to the sm-face of the synthesis, channel. ; 

, . In some methods, the primer is extended by a nucleic acid polymerase in the 

presence pfa single type of labeled nucleotide. Label is incorporated into the ; - ^ 

template/primer compkx only if the.labeled nucleptide added^^ 

complementary to the nucleotide on the template adjacent the 3' end of the primer The 
30 template is subsequently washed tp remove any unincorporated label, and the presence of any 
incorporated label is determined; A radioactive label can be detennined by coxmting or any 
other method known in the art, while fluorescent labels can be induced to fluoresce, e.g., by 
excitation. ' 
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In.some applications of the present invention, a combination of labeled and 
non-labeled nucleotides are used in the analysis. Because there are multiple copies of each 
template molecule immobilized on the surface of the synthesis channel, a srnall percentage .of 
labeled nucleotides is sufficient for detection by a detection device (see below). For.example, 
for fluorescently labeled nucleotides, the percentage of labeled^nucleptide can be less than 
20%, less than 10%, less than 5%, less than 1%, less than 0.1%, less than 0.01%, or even less 
than 0.001% of the total labeled and unlabeled nucleotides for. each type of the nucleotides. 



1, Labeled Nucleotides. . . 
10 j : . In some methods, at least one and usually all types of the 

deoxyribonucleotides (dATP, dTTP, dGTP, dCTP^ dUTP/dTTP) or nucleotides. (ATP, UTP, ; 
GTP, and GTP) are labeled, y arious labels which are easily detected include radioactive . 
labels, optically detectable labels, spectroscopic labels and the like. Preferably, fluorescent . 
labels are used. The different types of nudeptides can be labeled with the same^l^ ; 
1 5 labels. . Alternatively, a different kind of label can be used; to label) each different type of - . 

nucleotide;/ V .-.-m'-^: .'■';;'/.. -ij:;-'-: L ■ : ::. - .^o/j:;;;'. li 

. ; In some inethods, fluorescent labels are used, the fluorescent label can be. : - 
selectedfirora any of a. nirniber .of different rppieties.-iXhe preferred moiety is a fluorescent..; ^ 
group for which detection is: quite sensitive. For exainple,:fl.uprescein- or rhodaminerlabeled 

20 nucleotide.triphosphates are available (e.g./from l^NDuPpnt),^. ^ . Ti ft, i ;. 

: Fluorescently labeled nucleotide triphosphates can also be made by various - 
fluorescence-labeling techniques, e.g., as described jn Kambara et al. (1988) "Optimization of 
Parameters in a DNA Sequenator Using Fluorescence Detection," Bio/Technpl. .6:81 6-821 ; 
Smith et al. (1985) NucL Acids Res, 13;2399-2412; and Smith et al. (1986) Nature 321:674- 

25 679. Fluorescent labels exhibiting particularly high coefficients of destruction can also be 
useful in destroying nonspecific background signals. 

2. Blocking agents: . i . .: . . : - 

In.some methods during the primer extension step, a chain elongation inhibitor 
30 can be employed in the reaction (see, e.g.. Dower et al., U.S. Pateiit No. 5,902,723. Chain 
elongation inhibitors, arc nucleotide analogues which either are chain teiminatprs which 
prevent fiirther addition by the polymerase ofnucleotides to the 3* end of the chain by = 
becoming incorporated into the chain themselves. In some methods, the chain elongation 
inhibitors are dideoxynucleotides. Where the chain elongation inhibitors are incorporated 
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into the growing polynucleotide chain, they should be removed after incorporation of the 
labeled nucleotide has been detected, in order to allow the sequencing reaction to proceed 
using different labeled nucleotides. Some 3' to 5' exonucleases, e.g., exonuclease III, are able 

to remove dideoxynucleotides. ' - 

5 ... Other than chain elongation inhibitors, a blocking agent or blocking group can 

be employed on the 3' moiety of the deoxyribose group of the labeled nucleotide to prevent 
nonspecific incoiporation. Optimally, the blocking iagent should be removable under mild 
conditions (e.g., photosensitive, weak acid labile, or weak base labile groups), thereby 
allowing for further elongation of the primer strand with a next synthetic cycle/ If the 

10 blocking agent also contains the fluorescent label, the dual blocking and labeling functions 
are achieved without the need for separate reactions for the separate mbieties. - For example, 
the labeled nucleotide can be labeledby attachment of a fluorescent dye group to "the^3' • 
moiety of the deoxyribose group, and the label is removed by cleaving the fluorescent dye 
from the nuclebtide to generate a 3' hydroxyl group. The fluorescent dye is preferably linked 

15 to the deoxyribose by a linker aim which is easily cleaved by chemical or enzymatic means- 
Examples of blocking agents include, among others, light sensitive groups 
such as 6-nitoVeratiyloxycarbonyl (NVOC)i 2^nitobenzyloxycarbonyl (NBOC), .a,.a- 
dimethyl-dimethoxiybehzylbxyciarbonyl (DDZ)^5^bromo-7-nitroindolinyli o-hydroxy-2- 
methyl cinnairioyl, 2-oxymethylene anthraquinone, and t-butyl bxycarbonyl (TBOG). Other 

20 blocking reagents are discussed, e.g., in U;S. Sen No. 07/492,462; Patchomik (1970) J. '•■ 
Amer. Chem. Soc. 92:6333; and Amit et al. (1974) J, Org. Chem. 39:192. Nucleotides 
possessing various labels and blocking groups can be readily synthesized. ' Labeling moieties 
are attached at appropriate sites on the nucleotide using chemistry and conditions zs 
described, e.g., in Gait (1984) Oligonucleotide Synthesis: A Practical Approach, IRL Press, 

25 Oxford. ' . ^' ' • " ' 

3. Polymerases 

Depending on the template, either RNA polymerase or DNA polynierases can 
be used in the primer extehsion. For analysis of DNA templates, many DNA polymerases are 
30 available. Examples of suitable DNA polymerases include, but are not limited to, Sequenase 
2.0.RTM., T4 DNA polymerase or the Klenow fragment of DNA polymerase 1, or Vent 
polymerase. In some methods, polymerases which lack 3' 5' exonuclease activity can be 
used (e.g., T7 DNA polymerase (Amersham) or Klenow fragment of DNA polymerase I 
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(New England Biolabs)). In some methods,:when.it is desired that the polymerase have 
proof-reading activity, polymerases lacking 3' 5' exonuclease activity are not used. In " ' 
some methods, thermostable polymeraises isuch as ThermoSequenase*^'^ (Amersham) or 
Taquenase*^" (ScienTech, St Louis, MO) are used. ^ ' ■ 
5 The nucl eotides lised in the methods should be compatible with the selected 

polymerase; Procedures for selecting suitable nuclebtide and polymerase combinations can 
be adapted from Ruth et aL (1981) Molecular Pharmacology 20:415-422; Kutateladze, T., et 
al. (1984) Nuc. Acids Res., 12:1671-1686; ehidgeWadze, Z.| et al. (1985) FEES Letters, 
183:275-278. ■ ■ • . 

10 The pblyrnerase can be stored in a separate reservoir in tiie iaipparatus and 

flowed intb the syiithesis channels pribr to each extension reactioii cycle/ ^ - 
also be stored together with the oihei* reaction agents (e.g., the nucleotide' triphosphites). 
Alternatively, the polyriierase can be irhmobihzed onto the surface of this synthesis channel 
along with the polynudeotidetemplate/ - 

4; Removal' bfblo<±ing group and • ' < ' a- ■ i;. : ^ ; = 

By repeating the incorporation and label detection steps until incoiporation is 
detected, the nucleotide on the template adjacent the 3* end of the primer can be identified. 
Once this has been achieved, the label should be removed before repeatirig^t^ 

20 discover the identity of the next nucleotide. Removal of the label can be effected by removal 
of the 1 Aeled niicleotide usiiig a 3-5* exonuclease and subsequent replacement with an 
unlabeled nucleotide. AltematiViely, the labeling group can be removed from the nucleotide. 
In a further alternative, where the label is a fluorescent label, it is possible to neutralize the 
label by bleaching it with radiation. Photobleaching can be pei-formed according to methods, 

25 e.g., as described in Jacobson et al., "International Workishdp on the Applicatidb bf ' ' 
Fluorescence Photobleaching Techniques to Probleiiis in Cell Biology", Federation ' 
Proceedings, 42:72-79, 1973; Okabe et al., J Cell Biol 120:1177-86, 1993; and Close et al., 
Radiat Res 53:349-57; 1973. - ' - ' ■-■-^■^ - - 

If chain terminators or 3' blocking groups have been used, thesie should be ' 

30 removed before the next cycle can take place. 3* blocking groups cian be remoVed by^ 

chemical or enzymatic cleavage of the blocking group from the nucleotide. For example, 
chain terminators are removed with a 3*-5' exonuclease; e.g., exonuclease HI. Once the label 
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and terminators/blocking groups have been removed, the cycle is repeated to discover the 
identity of the next nucleotide, 

Removal of the blocking groups can be unnecessary if the labels are. . . 
removable. In this approach, the chains incorporating the blocked nucleotides are 
permanently terminated and no longer participate in th^ elongation processes. So long as 
these blocked nucleotides are also remoyed from the labeling process, a small.percentage of ^ 
pennanent loss in each cycle can also.be tolerated. . 

In some methods, other than labeled nucleotides, nucleotide. iricoiporation. is 
monitored by detection of pyrophosphate release (see, e.g., W098/13523, WO98/28440, and 
Ronaghi et al,, Science.281.:363,,199j8). . Tot exampk, a p)n:ppbosphate;d^^^^ enzyme 
cascade is included in the reaction mixture in order .to producie a chemoluminescent signal. 
Also, instead qf deoxynu.cleotides or didepx}mucleotides, nucleotide analogues^;are used 
which are capable of acting as substrates for the polymerase but mcapable of as 
substrates for the pyrophosphate-detection enzyme. Pyrophosphate is rele^?ed ^uppn , ■ 
incorporation of a deoxynucleotide or dideoxynucleotide, which can be detected 
enzymatically. This method employs no wash steps, instead relying on contiijual addition of 
reagents. -. . ],r,: .k. rvuiv. .-[j :.:^':;E^-ry\ [U 

D. Eetectionof incorporated signals and scanm , : , , , ■ i . i : v . 

^ I... Optical detection,.. . ;;. .t'.:\vy/. ^x.??:' ^x.^/-.-^ '-r- 

, Methods for visualizing single molecules pf DNA labeled with an.intercalating 
dye include, e.g., flupresccjnce microscopy as described in Houseal et zl, Bioph)fsicaI Journal 
56: 507, 1989., Wliile usually. signals froma.pluralityofmolecules areto be 
sequencing methods of the present invention, fluorescence from single fluprescent dye 
molecules can also be^detected. For.example, a number of methods are available for this 
purpose (see, e.g., Nie.et al.. Science 266: 1013,,1994; Funatsu et ^i., l^ature^lA\ 555, 1995;, 
Mertz etal.. Optics Letters 20: 2532, 1995; and Unger et al., Biotechniques 27:1008, 1999). 
Even the fluorescent spectrum and lifetime of a single molecule before it photobleaches can 
be measured (Macklin et al., Science 272: 255, 1996). Standard detectors such as a 
photomultiplier tube or avalanche photodiode can be used. Full field imaging with a two 
stage image intensified CCD camera can also used (Funatsu et al., supra). , • 

The detection system for the signal or label can also depend upon the label 
used, which can be defined by the chemistry available. For optical signals, a combination of 

an optical fiber or charged couple device (CCD) can be used in the detection step. In those 
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circimstaiices where the matrix is itself transparent to the radia^^^ it is possible to.have 

an incident light beam pass through the, substrate j^vith the detector located opposite the 
substrate from; the polynucl(?Qtides. For electromagnetic labels, yanous.fprms^.of. r: . . 
spectroscopy systems . can be used. Yarj pus. physical orientations for the detection system. are- 

5 available and discussion, of importmit desijgn parameters is provided, e.g.j in Joyin, Adv.. in : . 
Biochem. Bioplyms. . . ., 

Incorporated sig;nals can be detected by scanning the synthesis channels. The 
synthesis channels can be scanned simultaneously or serially, djspending on the scanning 
method used. The signals can be scanned using a CCD camera (TE/CCD512SF, Princeton 

1 0 Instruments, Trenton, N.J.) with suitable optics (Ploem, J. S., in Fluorescent and Luminescent 
Probes for Biological Activity, Mason, T^.W,, , Ed,, Acade^^^ 1-11, 1993), 

such as described in Yershoy et al. (Prop. Natl,. Acad. S^^^ 1996), ;pr can be imaged, 

by TV monitoring (Khrapko et al,, DNA Sequencing 1:375, 1991). For radipactiye signals 
(e.g., P), a phosphorimager device can be used (Johnston et al., Johnston, 11. F., et al., 

1 5 Eleptrophpresis 1 1 :355, 1990; and Dimanac et al,, Drmanac, R., et aLj.Elecp-pphoresis 

13:566, 1992). These methods are particularly usefuLto acWeye. simu of - 
multiple probe-regions. ^ . . . .. , .^-r.,.; 



For fluorescence, labeling, the synthesis channels can be serially scanned one . 
by one or row by. row using ^ fluorescence microscope apparatus, suph as. described in U-S. , 
20 Patent Nos, .6,094,274, 5,902,723, 5,424,186, and 5,091,652.= In some methods, standard low-: 
light level cameras, such as a SIT and iniage intensified CCQjCa^ 

Fxmatsu et al., Nature 374, 555, 1995). An ICCD can he preferable to a cpoled GCP camera 
because of its better time resolution. These deyices are coinmercially available (e.g., from 
Hammama,tsu). . 

25 AltOTiatively, only the intensifier unit fi;oin Hammamatsu pr DEP are used and 

incoiporated into other less expensive or home builtczoneras. If necessary, the intensifier can 
be cooled. For example, CCD camera can be purchased from Phillips, who offer a jpw 
priced, low noi$e (40 electron readout noise per pixel) model. A home built camera allows 
greaterflexibility in the choice of components and a higher perfoOT The -j; . . 

30 advantage of using a camera instead of an avalanche photodiode is that one can. image the 
whole field of view. TWs extra spatial infonnation allows the developiment of new noise 
reduction techniques. For example, one can use the fact that signals are expected from 
certain spatial locations (i.e. where the polynucleotide template is attached) in.order to reject 
noise. 38 
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In some applications, fluorescent 'excitation is exerted with a Q-switched frequency doubled 
Nd YAG laser, which has a KHz t'epetitibii rate," allowing' many samples to te taken per ' 
second. For exampleV a wavelength' of 532 'nrii is ideal for the excitation of rhodaniine^ It is a 
standard device that has been used in the single molecule detection schemb (Sniith et ail, 
5 Science 253:1 122, 1992).^ A pulsed lasler allows time resolved expenmeiifs, which a^^^ 

for rejecting extraneous noise. In some methods, excitation can be perfonried with a mercury 
lamp and signals from' the incbipor^ted huclbotides cm be detected witH'aii inexpensive CCD 
camera (see, e.g.^ Unger etal:, Biotechruques 27:1^ " " ' " 

J:. ..: . j The scanning systerh should be abldto reprodudbly sciaii the s}^^ 

10 channels iii the iappiaratu^e^:' W for a two dimensional substrate Where 
the synthesis 'channels are localized' to positions' thereon, the scianning systiem- shblild 
. positibirially define the synthesis ' channels attached therebn to a tepfoducible c6oi^diiiate ' ' 
systein. ^It is iihiportant that thb positibhal idehlificatib^^^ be respectable in 

successive scan^ steps. - ■ ■-'.„■. - - 

15 " ■ ■ • Various sea employed in the apparatuses of the present 

inventioni For example, electrbbptical scarining devices described in,^e.g., U.S. Pat. No. 

< . . . ' ' 

5,143,854, are smtable for iise with the apparatiises of the present inventibiil T^ 
could exhibit liiany of the features compact disk 

reading devices. Fbir example, a iriody no; PM500-^^ by 
20 Newport Goiporatioh can be^itta is coiihectetl 

to and controlled by aji appropriately progra^^ digital computer'suctf 
or AT compatible cbmputer; TO 

photdmultipilief tiibie mahufactiired By Ham^ attached tb a preaniiiiifier, e.g., a model 
no. SR440 manufactured by Stanford Research Systems, and to a photon counter, e.g., an 

25 SR430 manufactured by Stanford Research System, or a multichalnnel detection device. 
Although a digital signal can usually be prfeferred, th^re can be cif cumst^ces Whbre i^^^ 
signals wbuldbe^advahtageous.^'' '^'*"' •^^■ '■^ ^--p • ' 

The stability ahd reproducibility of the pbisitiorial ^ 
determine, to a large extent, the resolutibn for separating closely positibned polynuclebtidei 

30 clusters on a 2 dimensional substrate. Since the successive monitoring at a given positibh 

depends upon the ability to map the results of a reaction cycle to its effect on a positionally 

mapped cluster of polynucleotides, high resolution scanning is preferred. As the resolution 

increases, the upper limit to the number of possible polynucleotides which can be sequenced 

on a single matrix also increases. Crude scanning systems can resolve only on the order of 
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lOOP ^im, refined, scajinijig systems can resolve on the order Qf .l.OO.jim^. more refined. systems 
can resolve on the order of about 10 p.m, and .with optical magnification: systems a resolution 
on the order of J .p is available. ^The limitations on the resolution can . 
limited and advantages can arise from using shoiter AyaLvelength radia^^^^ fluorescent . . 
5 scanning steps.. However, with increased i;esolutipn,.th<B. tirne required tPffuUy scan a. matrix 
can increased and a comprpimse between speed ancijesolution can be. selected. Parallel . 
detection devices which provide high, resolution with: shorter times are applicable where 
multiple detectors are moyed in parallel. . . . i u. / ! j - ' n ; .. .. 

In some applications, resolution often is not so important and sensitivity is.: 

10 emphasized. Ho\y^ver, the reliability of a signal cm be pr^^^ photons and 

continuing! to count .for a longer period at positions .where iritensity of sjignal is lower. , : 
Although this decreases scan speed, it can increases reliability of the sigiial detennination. 
Various signal detection and processing: algorithms can be mcpiporated intp the detection 
system. -In some methods, the distribution of signal intensities .of pixels acr^ of 

15 signal are evaluated to. determine whether the .distribution,of . intensities 

2. Non-optical dejection ■ • ': .-.-.,:.. = .,. .>,, ..:■. ,,--'Vf- '-ipi-: .'.>'*n.'r:-\-T ^-^ -y^i-rj ' 
Other than .flupre^c nucleotides md optical detec^^ = . 

20 other methods of detecting nucleotide incpjpqratira are also, .cpntemplatjed in the present ; , 
invention, including the use. of mass spectrometry to analyze the reaction products, the use of 
radiolabeled nucleoti des, and ;detectipjn of reaction: products . : 

. J : In spme methods, ma^s spectrpnietry is employed to, d^^ 
incorporation in the primer extension reaction. A primer extension reaction consumes a 
25 nucleotide triphosphate, adds a single base to the primer/template duplex, and. produces : . 
pyrophosphate as a byrprpdupt.. Mass spectrometry.can be used.tp detect pyrophosphate in = 
the wash stream after a nucleotide has been incubated with the template and polymerase. 
The absence of pyrophosphate indicates that the nucleotide was not incorporated, whereas the 
presence of pyrophosphate indicates incorporation. , ^Detection based oii; pyrophosphate : ; 
30 release have l?een described, e.g., in .W098/13523, WP98/28440, and Rpnaghi et ah. Science 
281:363,4^8.^.. .^ : y:-!': . . ■ ■■ 

In some methods, radiolabeled nucleotides are used. Nucleotides can be 
radiolabeled either in the sugar, the base, or the triphosphate group. To detect radioactivity, 
small radioactivity sensor can be incorporated in the substrate on which the microfluidic chip 
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is mounted. A CCD pixel, for instance, serves as a good detector for some radioactive decay 

processes. Radiolabelirig' of the sugar or base produces an additive signal: each incorporation 

increases the amount of radiolabel in the primer-terripliate duplex. If the nucleotide isi labeled 

in the portion that is released as pyrophosphate (e.g. dNTP with P- or y- r), the radioactive 

pyrophosphate can be detected in the wash stream.^ This radioactivity level is not additive, 

but rather binary for each attempted nucleotide addition^ so subsequent addition posies no read 

length limit; Due to the small reagent corisiimption and contained nature of microfluidics, the 

total radioactivity used in such a system is relatively minimal, and containment is relatively 
simple.'-' ' - v.'- '>■...::.:;:;■;.,.;;■;:. .-./Mr ^ :).'U ■ ,i '^urn^,:, , 

; * ' In some methods, rioh-bpticial detection of pyrophosphate release makes use of 
•*wired redox enzymes'- as described^ e.g^, in Heller et al.. Analytical Chemistry 66:2451-^^^ ' ' 
2457, 1994rand Ohara etaL,^Aj^ 

are covaleritly linked to a hydrogel matrix containing redox active groups capable of ^ 
tran^orting charge; The' analyte to be detected iis- either acted dh directly by a redox enzyme 
(eitherreleasirig or consuming electrons) o^^ as a feagieht in'im cascade 

that produces a substrate that is reduced or oxidized by a redox enzyme. The production or 
consumption of electrons is detected at a metal electrode in contact with the hydrogel. For 
the detection of pyrophosphate, an enzymatic cascade using pyr6ph6sphata5e;^ihaltbse 
phosphorylase- and glucose oxidase can be emiployed. Pyrophosphatase converts 
pyrophosphate into phosphate; niaUdse p^^ converts maltbsie (in the- presm^ 

phosphate) to glucose 1 -phosphate arid glucose.< Theh;^ 

to gluconolactone and H202; this final reaction- is the redox step wliich gives rise to a ' " 
detectable current at the electrode. Glucose sensors based oil this p^^ known in 

the art, and enzymatic cascades as described here have been demonstrated previously. Other 
enzymatic cascades besides the specific example given here are also contemplated the present 
invention. This type of detection scheme allows direct electrical readout of nucleotide 
incoiporation at eiach reaction chamber^ allowing e^^ ^ ' - ■ ' ■ 

, . , . , . . . . . .. . • , . , ' , ,.■{•;.•*".• 1 . ; . - ■ . • , '• .- • ■ • . ■ 

. . ; . . . I • .- . . ' ^ , > . , ■ -■ . , . - f .• • r • . * . . • ' . -. .■ . • ' 

E. Fluorescent photbbleaching sequencing ^ ^ 

In some methods, polynucleotide sequences are analyzed with a fluorescent 
photobleaching method. In this methods, fluorescently labeled nucleotides are used in the 
primer extension. Signals fi-oni the incorporated nucleotides are removed by photobleaching 
before next extension cycle starts. 
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The polynucleotide templates can be prepared as described above (e.g., 
cloning in single-stranded M13 plasniid). Biptinylated templates are, attached to surface of 
the synthesis channel that has been pretreated with the PEM. technique as discussed above. 
After the primed, single stranded DNA is inmiobilized to the synthesis channel in the flow 
ceU. A polymerase and one nucleotide triphosphate, e.g. dATP, are flowed.into,the.flow.celI. 
A high fidelity polymerase with no expnuclease proofreading ability, is preferred. In some 
methods, only a fi-action (e.g., less than 10%,.5%, 1%, 0.1%, 0.01%, .pr.Q..0Ql%) of each type 
of the nucleotide triphpsphates.is fluorescently labeled (e.g., rhodamine-labeled nucleotide 
triphosphates fi-om NEN puPont). For, example, if the first base of DNA sequence following 
the primer is T, tiien the polymerase incorporates the dATP's and sorn.e. fraction of the DNA 
molecules,becpme fluorescently labeled, , If the first base is anything else, norfluorescent 
molecules become incorporated. The reagents arc then flowed out of the flo)y: cell, and the ; 
fluorescence of the DNA is measured. If no fluorescence is detected^ the procedure is 
repeated with one of the otiier nucleotide triphosphates. , If flnpreseencq.is 4etectedi the 
identity of the first base iij the sequence has been detennined. The fluorescence signal is 

photobleach€^ and, extiiigiiished before the procedure is then repeated fpr the neprt base in the 
template sequence. , 

: TTie fluorescence caii be excited with, e.g., a Q-switched frequency doubled 
Nd YAG laser (Smith.^et al., Sdence l5l - 1 122, 1992). This is a standard .device used in the , 
single molecule detection scheme thatjiiieasures the fluorescent speptrTim; aid lifetime, of a . 
single molecule before it photobleached, Jt has a kHz repetition rate, allowing many samples 
to be taken per, second. The wavelength can be. e.g., 532 nm that is ideal for the excitation of 
rhodamine. A pulsed laser allows time resolved experiments and is useful for rejecting 
extraneous noise. 

P^*ectionoftheincoippratedl^^^ 
level cameras, such as a SIT or a image intensified CCD camera (Funatsu et al, supra). . An 
hitensified CCD (ICCD) camera is preferable to a cooled CCD camera because of its better 
time resolution. These devices are available from, e.g., Hammamatsu. However, because 
these cameras are extremely expensive, a detection device can be made by building just the 
intensifier unit from Hammamatsu into a CCD camera. Optionally, the intensifier can be 
cooled. The. CCD camera is available from Phillips, e.g., a low priced, lov^r noise model (40 
electron readout noise per pixel). A customarily built camera allows greater flexibility in the 
choice of components and a higher performance device. The advantage of using a camera 
instead of an avalanche photodiode is that the whole field of view can be imaged This extra 
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spatial information allows the development of new noise reduction techniques. For example, 
the fact that signals are expected from certain spatial locations (i.ei where the DNA is 
attached) can be used to reject noise. 

F. Other considerations * ! ' 

' - A combination of factors affect the read length and throughput of the 
sequencing analysis according to the present invention. First, all of the unincorporated 
labeled nucleotides should be reiirioved from the synthesis channel or reaction chamber after 
each cycle. ' Since only relatively small nurriber of incoiporated dye molecules are to be 
detected; thb reagent exchange should be leave substantially fewer umriGorpbrated labeled 

nucleotides than the nmnber of nucleotides to be de^ the rate of rieagent ^ 

..... » )• . - • I 

exchange is limited by fluid riiechanic cohsideratidhs.: Turbulent flow should be avoided in 

order to preserve effective reagent exchange, arid thie fliaid flow shear fortes sHduld be ismall 
•enoughih order to not breiak the DNA W disloc^^ Thiriii'the kinetics of 

nucleotide incdiporation arid enzyme^ 

. ii: s> The present iriveirition teaches detenriine acceptable flow rate of fluids 

in the apparatuses. According to the invention, flow rate in the apparatuses wiffi^- ' * - 
micrdfabricated flow chEmrids a dfepA of 1 00 pim is tj^ically 0;l-l-crii/sec. For 

microfabricated fldw channels with a depth of lOniri; tlie flow rate is usually in the range of 
1-10 cm/sec. ' Fluid flow in the apparatuses remains lairiiriar as long as the Re riiSriibfer ' 
R=pux/r|<<li where p is the density of the; fluid, V) is the vblbci^^^^ the 
chamber; arid t| is the viscidsity ' (see, e.g.. Landau et al., iFluid Mechanics, Pergamori Pres^, ' 
New York, 1989).' The liniitihg vielocity is iii the order of 1 cm/sec for a 100|irii chariinel 
depth. For microchannels with a depth of 10 jmi, the limit is 10 cm/sec. 

The ultimate limit on the rate at which fluid can be exchanged is determined 
by the effect oif drag arid shear flows on the polynucleotide template arid the polymerase. The 
velocity profile of constrained flow is parabohc (v(T)-Vavc{l-(t/R) )), causing a shear force. 
Single molecule experiments with double stranded DNA have shown that one can apply 
forces of up to F=50 pN without breaking or causing irreversible damage to DNA (see, e.g.. 
Smith et al., Science 271: 795, 1996; and Cluzel et al.. Science 271: 792, 1996), and a similar 
order of riiagnitude is expected for single stranded DNA. The drag coefficient of DNA 
a=67iR5 can be estimated from the radius of gyration R5=0.3)im. Then the maximum fluid 
velocity allowed is determined by solving the equation: 

V3 ■ 
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Vmax(R-Rg)^F/a 

The maximum average velocity before shearing of DNA becomes a problem is 140 cm/sec. 

Another consideration is.to preveiit the polyrnerase from, falling o£f the* ; ..^ 

template or becoming damaged. With RNA polymerase, it has been shown that the stalling 

force for RNA polymerase, at which it might receive irreversible damage, is 14 pN (Yin et 

al., Science 270:1653, 1995). Since onp Ae drag coefficient of a DNA. polymerase can be 

estimated from its size, a similar calculation as for the DNA shear leads to a maximxmi 
velocity of 500 cm/sec. 

The time to remove all of the free nucleotides can be calculated by including 

the effects of diffusion into hydrodynamic calculation of the fluid flow. There are a great 

variety of products available, including electronic switching valves with very small dead 

volumes. For example, a six port valve from Upchurch with electric motor from Thar 

Designs has a dead volume of 2 fil and switching time of 166 msec. Combined with 0.0025" 

LD. tubing and the estimated Ifil capacity of the microfabricated flow cell, 4}xl of material 

should be exchanged for each step in the process. A syringe or peristaltic pump can give very 

high flow rates, the limiting factor is low Reynolds number. The inverse rate constant to get 



rid of all of the nucleotides is 



T=(LR/Vave)^ (P)' 



where L is the linear dimension of the device and D is the diffusion constant of the 
nucleotides. Plugging in approximate numbers gives a time of t=1 5 sec. To reduce the 
nucleotide concentration from in the order of millimolar to I labeled nucleotide per detection 
region, which is a reduction of approximately 10"'^. The amount of time to completely flush 
the device is ln(10 )T=4 minutes. 

For apparatuses with microfabricated flow channel depth of 1 O^m and 
microfabricated valves incorporated on chip, the dead volume is reduced and throughput 
increased. The valves can provide an essentially zero dead voliime and 10 msec switching , 
time. This, and the reduced dimensions of the device leads to a drastic increase of throughput: 
the time to flush the reagents (e.g., nucleotides) from the system is reduced to 0.8 sec. The 
overall throughput is approximately 1 base per second. Table 1 summarizes the various 
factors affecting throughput of apparatuses with microfabricated flow channels having a 
depth of 1 00 |mi or 1 0 jun. 

TABLE I. Parameters affecting throughput of the sequencing apparatuses 
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I 


n 


Channel depth (|im) 


100 


10 


Dead Volume Cul) ^ ' 


A •• '• 


10'^ 


Turbulence, vel. (cm/sec) ;. 


1 


10 


DNA Shear (cm/sec) 


140 


14 


Polymerase stall (cm/sec) 


1000 


100 


Reagent exchange (sec) 


240 


0.8 



Note that in apparatuses I, the limiting factor is the fluid velocity that causes turbulent flow. In apparatuses II, 
shear forces on the DNA also becoming limiting. The reagent exchange time is expected to improve by a factor 
of 100 in apparatuses II. 

5 



The DNA polymerases can fall off of the DNA, If enzyme is replenished, it 
takes time for the enzyme to find and bind to a free DNA site. This could affect throughput 
of the apparatuses. The attrition rate of the polymerase can be determined according to 

10 methods described in the art. For example, using the kinetics of the T4 DNA polymerase as 
nominal values (Taylor et al., J. Phys. D. AjppL Phys, 24:1443, 1991), an on-rate of 11 |xlvl'^ 
sec'^ was obtained. Hence a 1 \xM concentration of enzyme gives an on rate of 11 sec"', and 
after 1 second, 99.3% of the DNA have polymerase bound. In the absence of nucleotides (for 
example, during fluorescence measurement) the polymerase falls off of the DNA with a time 

15 constant of 0.2 sec"' (Yin et al., Science 270:1653, 1995). In other words, after 5 seconds 
without nucleotides, this can become a source of attrition. It can be compensated for by the 
addition of fresh polymerase wift every sequenciTig cycle of the device. 

For the high throughput device (e.g., apparatus tl in Table I), the reagent 
exchange is fast enough that polymerase falling off has no significant effect on tlie 

20 throughput. Also, the rate of incorporation of nucleotides by the polymerase is typically 
about 300 bases per second. This is not a rate limiting factor for the device throughput. 

Read length of the sequencing analysis can be affect^ by various factors. 
However, photobleaching is linlikely to cause any chemical changes to the polynucleotide 
template that prevent the attachment of the next base. During the photobleaching, the dye 

25 molecule is held off from the DNA on a linker ami, arid it gives off so few photons that the 
interaction cross section is negligible. Any attrition of the labeled nucleotides also does not 
present any significant problem. The statistics of the photobleaching scheme are robust 
enough to allow sequencing to continue in spite of any attrition of the labeled nucleotides. 
For example, if 0.1% of the bases are labeled, then after 3000 bases the attrition is 95% if 

30 incorporation of a labeled nucleotide terminates strand extension completely. In other word, 
if one starts with 10^ molecules, then on the first base one expects to get a fluorescent signal 
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&pm 100 dye molecules. By the 3000th base, the signal is reduced to only 5 dye molecules. 
This is still detectable, since the lower limit of detection is one dye molecule. 

It should also be noted that the attrition are discussed above is an extreme 
scenario because there is little reason to expect total attrition for'e'ach incpij orated base. 
Attrition is more likely to occur when the polymerase incoiporates' two successive labeled 
nucleotides. If 1% of the bases are labeled, the chmce of incorporating two labeled 
nucleotides next to each other is 1%2=0.01%. Then the attrition rate after 3000 ba^ is 25%. 
In other words, the signal only decreases by 25% by the 3006th base/Tiius, attrition does not 
cause a problem in this sequencing scheme. " ^ ' ' ' ' ^ 

Another factor toat can^af^^^ read length is nriisincorporati^ If the DNA 
polymerase is starved for the proper nucleotide, it can incoiporate nucleotide. 
Misincorporation efficiencies have been measured to be three to five'orders of magnitude 
below the efficiency for proper nucleotide incorporanon <iSchois et i., j4/i«.\^ ' " 

60:477, 1991). Misincorporation can be minimized by only exposing the DNA polymerase-' ' 
15 DNA complexes to nucleotides for as much time as is needed to incorporate the.proper 

nucleotide; For a high fidelity DNA .polymerase, misincoiporation happens with a frequency 
of about 10-^. If dephasing due to misincorporation, is treated as total at^tioni the.attritioais. . 
only 25% after 3 kb,: i.e. the signal is reduced;tp,75% of its priginal. Thus, misincorporation 
does not hinder a 3 kb or perhaps longo- read length. 



" :<.■.■ - - , .^t 



.'i. Many modifications and variations of this inyentipn can be made without 
departing fi-om its spirit and scope. ..The specific embodiments described herein: are for 
illustration only and ^re not intended to limit the invention in any way. ; . , , . 

All publications, figures, patents and patent applications cited herein are 
25 hereby expressly inco^jorated by reference for all puiposes to the same extent as if each was 
so individually denoted. . ) ij ;., 
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WHAT IS CLAIMED IS: . ; , .... , . .. 

1 . A method of analyzing a target polynucleotide comprising: 

(a) providing a primed target polynucleotide attached to a 
micro fabricated synthesis channel; 

(b) flowing a first nucleotide through the synthesis channel imder 
conditions whereby the first nucleotide attaches to the primer, if a complementary nucleotide 
is present to serve as template in the target polynucleotide; 

(c) determining presence or absence of a signal, the presence of a 
signal indicating that the first nucleotide was incorporated into the primer, and hence the 
identity of the complementary base that served as a template in the target polynucleotidei; 

(d) removing or reducing the signal, if present; and 

(e) repeating steps (b)-(d) with a further huclebti^ 

different from the first nucleotide, whereby the further nucleotide attaches to the primer or a 
nucleotide previously incorporated intp the primer. 

. . vy:':2.-'^- - 'The inethod of claim i^-wherein;^^/^ --v.: •; = - v ■ 

step (ai) comprises providing a pluraHty of different prim 
polyiiudeotides attachedUodiilfererit synthesis chan^ o; ?b -ii j . ' 

1. =: r . step (b)'comprises flowing the fir3t nucleotide through each of the . 

synthesis channels; and .a\:vv:-- v^/vrK}--; i- - - i-.^an^j 

step (c) comprises determining presence or absence of a signal in each 
of the channels, the presence of a signal in a synthesis channel indicating the first nucleotide 
was incorporated into thW primer in the synthesis channel, iahd hencelthe identity- of the ' 
complementary base that served as a template in the target polynucleotide in the synthesis 
channel. '■' ' '^^-"i ■ ' ■ 

3. The method of claim 2, wherein step (a) comprising providing a 
plxirality of different primed target polynucleotides attached to each synthesis channel. 

4. The method of claim 1, wherein said first nucleotide and said further 
nucleotide are labeled. 

5. The method of claim 1, further comprising flushing the synthesis 
channel to remove unincoiporated first or further labeled nucleotide. 
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6. The met^iod of claiin 4, wherein steps (b)-(d) are performed at least 
four times with four different types of labeled nucleotides. 

7. The .ipethod of claim 4, wherein steps ,(b)-(d) are performed until the 
identity of each base in the target polynucleotide has been identified., 

8. The method of claim 4, wherein said synthesis channel is formed by 
bonding a microfluidic chip to a flat substrate. 

9. The method of claim 8, wherein said target polynucleotide is 
immobilized to the interior surface of said substrate in said synthesis channel. 

v •-• : ■ • . '■' • 

1 0. The method of claim 9, wherein said intenpr.surface is coated with a 
polyelectrolyte multilayer (PEM). 



/ . • ! . < S 



1 1 . The method of claim 8, wherein said microfluidic chip is fabricated 
with an elastomeric materia. 



12. The method of claim 1 1, wherein said an elastomeric material is RTV 



silicone. 



13. The method of claim 4, wherein at least one of the labeled nucleotide 
comprises a mixture of labeled and unlabeled forms of the nucleotide. ... 

14. The method of claim 4, whefeiri cross s^^^^^ 

has a linear dimension of less than 100 ^m x 100 ^m, less than 10 pm x 100 ^m, less than 1 
pm X 1 0 fim, or less than 0.1 |im X 10 jun. 

15. /The method of claim 4, wherein said label is arfluorescent label. - 



1 6. The method of claim 1 5, wherein said removing or reducing is by 
pbotpbleaching. 



17. The method of claim 4, wherein said label is a radiolabel. 

18. The method of claim 1 7, wherein said removing or reducing is by 
chemical or enzymatic release of the label. 



•I 
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1 19. The method of claim 4, wherein said label is a mass-spectrbmetric 

2 label. 

1 20. The method of claim 19, wherein said removing or reducing is by 

2 chemical or enzymatic release of the label. 

1 21. The method of claim 1, wherein said signal is a non-optical signal. 

1 22. The method of claim 2 1 , wherein said non-optical signal is 

2 pyrophosphate release;' ' 



1 23. The method ofclaim 22, wherein said pyrophosphate release is 

2 detected with mass spectroimetry^ ' ' ' ' ' " 



1 24. The method of claim 22, wherein said pyrophosphate release is 

2 detected with an en2>iiiatic reaction. 

1 25. The method of claim 24, wherein said enzymatic reaction is a redox 

2 enzymatic reactidzil 



1 26. A method of analyzing a target polynucleotide comprising: 

2 " (a) pretreatirig ihe surf^ 

3 that facilitates polynucleotide attachiiieht 

4 ^^^^ (^^^^ 

5 substrate: 

. -r . * • ' . • . . t ' - * ■ ^ f - . . - * - ' , « : * • > . ' 1 ■ . * .. . . L 

» * ■ * F . . * A t , , , , . J - . ' J < s , . . - • ' . - } ■ » ■ r . r . . ' 1 .' ■ 

6 (c) providing a labeled first nucleotides to the attached target 

7 polynucleotide under conditions whereby the labeled first nucleotide attaches to the primer, if 

8 a complementary hucleotide is present to serve as template in the target polynucleotide; 

9 (d) determining presence or absence of a signal, the presence of a 

10 signal indicating that the labeled first nucleotide was incorporated into the primer, and hence 

1 1 the identity of the complementary base that served as a template in the target polynucleotide; 

12 and ; ■ \ '.■ 

13 (e) repeating steps (c)-(d) with a labeled further nucleotide, the same 

14 or different fi-om the first labeled nucleotide, whereby the labeled further nucleotide attaches 

15 to the primer or a nucleotide previously incorporated into the primer. 

i1 
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27. The method of claim 26, wherein said substrate is glass and said 
surface is coated with a polyelectrolyte multilayer (PEM). 

28. The method of claim 27, wherein said PEM is teiminated with a 

polyanion. 



29. The method of claim 28, wherein said polyanion bears pendant 
carboxylic acid groups. . ' . . 

30. The miethod of cliaim 26, wherein sa^ 
biotinylated, and said surface is coated with strepta\ddiri. •'- ^ 

31. Themethod of claim BO, w^^ 
prior to coating with streptavidin. 

32 . The method of claim 31, wherein said surface is coated with a 
polyelectrolyte rnultilayer (PEM) terminated with carboxylic acid groups prior to attachment 
of biotin. . . 



33. The method of claim 32, wherein said surface is pretreated with RCA 
solution prior to coating with said PEM. . ^ .; 

34. A met^ao^ of a3>alyz4ng a target polynupleptide comprising: 

(a) providing a primed target polynucleotide; 

(b) providing a first nucleotide under conditions whereby the first 
nucleotide attaches to the primer, if a complementary nucleotide is present to serve as 
template in the target polynucleotide; wherein a fi-action of said first nucleotide is labeled. 

(c) detemiining presence or absence of a signal jfrom the primer, the 
presence of a signal indicating the first nucleotide was incorporated into the primer, and 
hence the identity of the complementary^ base that served as a template in the target 
polynucleotide; and 

(d) repeating steps (b)-(c) with a further nucleotide, the same or 
different fi-om the first nucleotide, whereby the further nucleotide attaches to the primer or a 
nucleotide previously incoiporated into the primer; wherein a jfraction of said further 
nucleotide is labeled. 



35. The method of claim 34, wherein said label is a fluorescent label. 
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36. . The method of claim 35, wherein said removing . or:reducing is by 
photobleaching. 

: 37. The method of claim 36, Vk^herein; said .fraction of the first; nucleotide 
and said fraction of the further nucleotide are less than 10%. 

38. The method of claim 37, wherein said fraction of the first nucleotide 
and said fraction of the further nucleotide are less than 1%. 

39. , Th^ method of claim 38, wherein said fraction of the first nucleotide 
and said fraction of the further nucleotide arejess than 0.1%. . 



:,^ 40. .The method of claim, 34, wherein said fraction of the first nucleotide 
and said fraction of the further nucleotide are less than 0.01%. 

4 1 , : An apparatus for analyzing the sequence of a polynucleotide, 

comprising:..' - V-.;;; . r,^-' !.:o;;v?.^.-- : i:j,isiiih.-: -..vi 

(a) a flow cell comprising at least one microfabricated synthesis channel; and 

(b) an inlet port and an outlet port, said inlet port and outlet port being in fluid 
communication with said flow cell for flowing fluids into and through said flow cell, 

42; Th(B apparatus of diaim 41, furthering compriiiiig a detector to detect a 
signal from said surface, -vv - -m;;'^; ; = iii.: 

, 43. . The apparatus of claim 42, furthering comprising a light source to 
illuminate the surface of SMd synthesis channd^ 

44. The appiaratus of claim 42, wherein said signal is a fluorescent signal. 



45. The apparatus of claim 42, wherein said signal is an electrochemical 



signal. 



■ ■ ■ ■ • ■ • • . . > ■• . ' • -■ I ■ - • ■ _ I 

46. The apparatus of claim 41, wherein said synthesis channel is formed by 

bonding a microfluidic chip to a substrate. 
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47- The apparatus of claim 46, wherein said microfluidic chip further 
comprises microfabricated valves and microfabricated pumps in an integrated system with 
said microfabricated synthesis channel. 

48. The apparatus of claim 47, further comprising a plurality of reservoirs 
for storing reaction reagents, wherein said microfabricated valve and said microfabricated 
pump are connected to said reservoirs. 

49. The apparatus of claim 41, , wherein cross section of said synthfesis 
channel has a linear dimension of less than 1 OO^un x 1 OOjim, less than 1 0]im x 1 00|mi, less 
than Ijimx lOfim, or less than 0.1 ^mi x 1pm. : - — 



camera. 



50i;v^ TheiSppafaMs whereiitsaid^detecSor^is^]?^ 

51. : The apparatus of claim 46, wherein said microfluidic chip is fabricated 
with an elastomeric material. 

52. » The apparatus of claim 51, wherein said elastomeric material is RTV 
silicone. ■ 



53. The apparatus of claim 52, wftCTeiri^i^^^ a glass cover slip. 



I: • . . 



'lli^rZ^{^' ^-'vOv-" ^r^^* ^K'-^^'P;^- jij>/t:.' 



54. The apparatus of c]ai3ii'41i fiih^ 



programmed computer for recording identity of a nucleotide w^ becomes 
linked to a synthesis channel. 
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